JOURNAL OF MATERIALS SCIENCE: MATERIALS IN MEDICINE 13 (2002) 575-581

A cultured living bone equivalent enhances bone
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The development of cell therapy methods to confer osteogenic potential to synthetic bone
replacement materials has become common during the last years. At present, in the bone
tissue engineering field, two different approaches use patient own cultured osteogenic cells
in combination with a scaffold material to engineer autologous osteogenic grafts. One of the
approaches consists of seeding cells on a suitable biomaterial, after which the construct is
ready for implantation. In the other approach, the seeded cells are further cultured on the
scaffold to obtain in vitro formed bone (extracellular matrix and cells), prior to implantation.
In the present study, we investigated the in vivo osteogenic potential of both methods
through the implantation of porous hydroxyapatite (HA) scaffolds coated with a layer of in
vitro formed bone and porous HA scaffolds seeded with osteogenic cells. Results showed
that as early as 2 days after implantation, de novo bone tissue was formed on scaffolds in
which an in vitro bone-like tissue was cultured, while it was only detected on the cell seeded
implants from 4 days onwards. In addition, after 4 days of implantation statistical analysis
revealed a significantly higher amount of bone in the bone-like tissue containing scaffolds as

compared to cell seeded ones.
© 2002 Kluwer Academic Publishers

Introduction

The regeneration of large bone defects caused by injury,
cancer, infection, congenital malformations and fracture
non-union, remains a great challenge in orthopedic
surgery. Autologous bone grafting is considered the
golden standard in the treatment of such defects. It pro-
vides osteoprogenitor cells present in bone marrow and
an extracellular matrix containing collagen, hydroxya-
patite and a range of osteoinductive growth factors.
However, the supply of bone to be harvested is quite
limited with this therapy, while its collection is painful
and associated with infections and donor site morbidity
[1]. Allogenic bone grafting is also a sub-optimal
treatment since it can elicit immunological responses
and its success in bone regeneration is lower as compared
to autologous bone due to the low or absent cellular
function of allogeneic bone [2]. To overcome these
problems, researchers are testing new ways to replace
bone. Although a wide range of biomaterials is currently
available to fill bone defects, the success of these
materials is limited due to their general lack of
osteogenic and/or osteoinductive properties.

The process of in vivo bone formation comprises a
sequence of events that involve the recruitment and
proliferation of osteoblastic precursors, followed by cell
differentiation, matrix formation and, ultimately, miner-
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alization [3—4]. Growth factors and proteins contained in
the bone matrix are involved on the regulation of cell
growth, differentiation and mineralization [3-7].

In recent years, the possibility of in vitro engineering
an autologous graft with osteogenic properties has been
investigated. The goal is to develop an alternative to the
traditional autologous bone graft that achieves similar
success in bone regeneration. In this approach, a small
biopsy of the relevant cells is taken from the patient, cells
are then expanded in culture and, finally, combined with
a biomaterial. The biomaterial functions as a scaffold for
the formation of new bone tissue, as a carrier for the
transplanted cells and it also provides volume to better
fill the bone defect. Several investigators [8—17] have
reported the ability of culture expanded bone marrow
stromal cells to form bone in ectopic sites when seeded
on a biomaterial shortly before implantation. However,
such an approach lacks the existence of an extracellular
matrix on the implants, which can be essential to rapid
healing since it contains a variety of bone related proteins
and growth factors. A second approach, therefore,
utilizes the culture of a bone-like tissue layer on the
scaffolds prior to implantation. In fact, it is known that in
vitro bone formation by osteogenic cultures is similar to
the initial process of bone formation in vivo [18,19],
which indicates that by culturing osteogenic cells on a
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suitable biomaterial scaffold an autologous bone equiva-
lent can be obtained [20-22]. Several investigators have
widely reported ectopic in vivo bone formation induced
by such hybrid constructs of cultured bone and
biomaterial [23-29]. However, to our knowledge no
study has compared the osteogenic potential of the two
above-mentioned techniques. In summary, two cell
therapy approaches are currently investigated in the
bone tissue engineering field. One is to seed cultured
osteogenic cells on a biomaterial scaffold after which the
construct is implanted. The other approach aims at
culturing a layer of autologous bone equivalent on the
scaffold before implantation. The objective of the current
study is to evaluate both methods by investigating
whether porous hydroxyapatite scaffolds coated with a
layer of in vitro formed bone would induce faster bone
formation in a ectopic implantation site, as compared to
cell seeded hydroxyapatite.

Materials and methods

Isolation and culture of bone marrow cells
Bone marrow cells were obtained from the femora of
young adult male F344 rats (150-180g). The marrow
cell preparation procedure was described in a previous
report [25]. Briefly, femora were removed and washed in
an antibiotic solution with a concentration 10 times
higher than on culture medium. After the removal of the
epiphyses, the bone marrow cells were flushed out with
culture medium (see below). The bone marrow obtained
from all the rats was pooled and plated in 75 cm? flasks at
a density equivalent to a femur per flask. The cells were
cultured at 37 °C in a humidified atmosphere of 5% CO,
and the culture medium consisted of alpha-minimum
essential medium (o-MEM, Life Technologies, The
Netherlands), 15% fetal bovine serum (FBS, Life
Technologies, The Netherlands), antibiotics, 0.2 mM L-
ascorbic acid 2-phosphate (AsAP, Life Technologies,
The Netherlands), 0.01 M B-glycerophosphate (PGP,
Sigma, The Netherlands) and 10nM dexamethasone
(dex, Sigma, The Netherlands). The culture medium was
refreshed after 24 h and thereafter three times a week. At
near confluence, the adherent cells were washed with
phosphate buffered saline solution and enzymatically
released by means of a 0.25% trypsin—EDTA solution
(Sigma, The Netherlands).

Scaffold material

Porous granules of hydroxyapatite (HA, IsoTis NV, The
Netherlands) with a porosity of approximately 60% were
used as scaffold material. The interconnected pores had a
median diameter of 430 um and the size of the implanted
particles was approximately 3 x 2 x 2 mm?>.

Cell seeding and culture on the scaffolds

First passage cells were seeded on the HA particles
placed on bacteriological grade plates. Aliquots of 50 uL
of cell suspension were seeded into each scaffold (see
cell densities below) and cells were allowed to attach on
the HA samples for 4 h, after which time an additional
2mL of culture medium was added. Four experimental
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TABLE I Experimental groups and design

Experimental Seeding density/ Seeding/culture Implantation

group scaffold time times (days)

I 100000 5 days 2,4,7,9and 12 *
I 750000 16h 2,4,7,9and 12 }
111 100 000 16h 2,4,7,9 and 12 *
v 0 — 2,4,7,9 and 12 *

*n =8 per implantation time.
Fn =6 per implantation time.

groups were defined as stated in Table I: (1) cells seeded
at a density of 100000 cells per particle followed by an
additional culture period of 5 days prior to implantation;
(2) cells seeded at a density of 750000 cells per particle
for 16 h prior to implantation. This seeding density is at
least equivalent to the cell number present on the
scaffolds seeded with 100000 cells after 5 days of
culture (the number was obtained by extrapolating the
results of cell growth rate on tissue culture polystyrene
plates); (3) cells seeded at a density of 100000 cells per
particle for 16h prior to implantation. This group was
used to analyze the effect of 5 days of cell culture versus
cell seeding and implantation for an additional period of
5 days; (4) control HA particles without cells.

Light and scanning electron microscopy
Prior to implantation, samples were fixed, dehydrated
and either embedded in methyl methacrylate, sectioned
using a diamond saw (SP1600, Leica, Germany) stained
with a 1% methylene blue solution and examined by light
microscopy (n=3) or critical point dried (Balzers model
CPD 030 critical point drier), sputter coated with carbon
(Balzers sputter coater model SCD 004) and examined in
a Philips XL30 ESEM-FEG scanning electron micro-
scope (n=13), at an accelerating voltage of 10-15kV.

In vivo implantation

Prior to implantation, tissue engineered samples from the
four experimental groups were soaked in serum free
medium and then washed in phosphate buffered solution
pre-warmed to 37 °C. Fifteen male syngeneic F344 rats
(300-350 g) were anesthetized, the surgical sites cleaned
with ethanol and subcutaneous pockets were created, in
which the samples were inserted randomly (two samples
per pocket, three—four pockets per rat). After 2, 4, 7, 9
and 12 days of implantation, the samples (n =8 per
experimental group and per survival period, except for
group II, in which n=6 due to the large cell number
required) were removed and fixed in 1.5% glutaralde-
hyde in 0.14 M cacodylic acid buffer, pH 7.3.

Histology of the implanted samples and
extent of bone formation

The fixed samples were dehydrated and embedded in
methyl methacrylate. The sections were processed on a
histological diamond saw (Leica SP1600, Leica,
Germany) and stained with a 1% methylene blue solution
and a 0.3% basic fuchsin solution in order to visualize
bone formation. Osteogenesis was blindly estimated by



three independent investigators (SCM, MS, AM). The
following scale was used: (0) no bone formation; (1) first
signs of bone formation in few sections of the sample; (2)
bone tissue occupied less than 10% of the pore area; (3)
bone occupied between 10% and 20% of the pore area;
(4) bone tissue spread over 20-50% of the pore area; and
(5) bone occupied more than half of the pore area. For
each survival period, the average score for the extent of
osteogenesis was calculated for each sample of the three
experimental groups (n =6 to 8). Statistical analysis was
performed using both the Kruskal-Wallis and the Mann—
Whitney U tests, which are appropriated to the non-
parametric and ordinal nature of the bone formation
score. Statistical significance was defined as p < 0.05.

Results

Light and scanning electron microscopy
Light and scanning electron microscopy examination
revealed that HA scaffolds seeded with 100000 cells
which were further cultured for 5 days (group 1) were
entirely covered with multilayers of cells (Fig. 1(a) and
(b)). In between cell layers numerous collagen-like fibers
could be observed (Fig. 1(c)). On scaffolds seeded with
750000 cells for 16h (group II), numerous cells were
present throughout the porous materials although cells
did not cover the entire surface of the scaffold and the
presence of extracellular matrix was not detected (Fig.
2). In the higher cell density areas rounded cells were still
detected, indicating that cell spreading was still in
process. On samples from group III (HA scaffolds seeded
with 100000 cells for 16h), isolated cells were seen,
uniformly distributed throughout the porous scaffolds.
The degree of cell-to-cell contact was quite low (Fig. 3).
On these scaffolds cell density was clearly lower as
compared to the samples of groups I and II.

Histology of the implanted samples and
extent of bone formation

In control HA samples without osteogenic cells (group
IV), bone tissue formation did not occur at any of the
survival periods studied. The histological findings in cell
containing scaffolds are summarized in Table II. As early
as 2 days after implantation, all bone-like matrix
containing scaffolds (group I) presented the first signs
of in vivo bone formation. Cells acquired a more cuboidal
shape and, in few areas, osteoid was formed (Fig. 4(a)).
Both on high (group II) and low (group III) cell density
seeded scaffolds only fibrous tissue was present (Fig.
4(b)), indicating that the culture of cells on HA scaffolds
prior to implantation induces faster bone formation as
compared to cell seeding only.

In group I, all implants harvested after 4 days of
implantation showed bone tissue, which on average
occupied more than 10% and less than 20% of the
implant pore area (average bone score 2.2, Table II). For
the same survival period, 4 of the 6 implants seeded with
750000 cells for 16 h (group II) had less than 10% of
their pore area filled with bone tissue, while in the
remaining two implants, osteogenesis had not started
(average bone score 1.1, Table II). Also after 4 days of
implantation, half of the low cell density seeded implants

Figure 1 (a) Light micrograph (200 x ), (b) scanning electron
micrograph (100 x ) and (c) scanning electron micrograph (5000 x )
of rat bone marrow cells grown for 5 days on porous HA particles. Cell
seeding density: 100000 cells/scaffold. Group 1. Note the abundant
presence of extracellular matrix and the numerous collagen-like fibers
in between cell layers.

(group III) did not show signs of bone tissue, while on the
other half the first signs of bone formation appeared
(average bone score 0.1, Table II). At this survival
period, statistical analysis revealed a significantly higher
degree of osteogenesis in group I, as compared to groups
II and III (p=0.032 and p=0.019, respectively),
indicating a positive effect of bone-like matrix con-
taining scaffolds with regard to in vivo bone formation.
With respect to the cell seeding density, the extent of
bone tissue at day 4 in the high cell density seeded
scaffolds (group II) was not statistically different from
the degree of bone formation on the low cell density
seeded scaffolds (group III) (p =0.271).
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Figure 2 (a) Light micrograph (200 x ), (b) scanning electron
micrograph (100 x ) and (c) scanning electron micrograph (500 x )
of rat bone marrow cells seeded for 16 h on porous HA particles. Cell
seeding density: 750000 cells/scaffold. Group II. Note the abundant
cell number but the absence of extracellular matrix.

At the end of one week survival, bone was detected in
all samples from all experimental groups (except control
group IV), (Fig. 5). The tissue was composed of a
mineralized matrix, with embedded osteocytes and a
layer of osteoblasts surrounding the outer surface of the
newly formed bone. In groups I and II the average bone
formation score was 3.1 and 2.3, respectively. The
differences between the two groups failed to be
statistically significant (p=0.724). From day 7 on,
bone formation in groups I and II increased with the
implantation period (Table II). Although samples from
group I exhibited a slightly higher extent of bone
formation when compared to samples from group II,
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Figure 3 (a) Light micrograph (200 x ), (b) scanning electron
micrograph (100 x ) and (c) scanning electron micrograph (500 x )
of rat bone marrow cells seeded for 16 h on porous HA particles. Cell
seeding density: 100 000 cells/scaffold. Group III. Note the presence of
isolated cells equally distributed throughout the scaffold surfaces.

the differences were not statistically
(p=0.564, day 9 and p =0.372, day 12).
With respect to the low cell density seeded scaffolds
(group III), at day 7, the extent of bone formation varied
from less than 10% (score 0.1-1, Table II) to between
10% and 20% (score 1.1-2, Table II), with an average
bone formation score of 1.0 (Table II). At this
implantation period, a significant difference was found
between this group and the high cell density seeded one
(p=0.034). This difference was maintained both at 9
and 12 days post implantation, indicating that the extent
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TABLE II Bone formation in HA scaffolds containing rat bone marrow stromal cells. Effect of cell seeding versus cell seeding and culture

Implantation Experimental Total number Bone formation score Average bone
period (days) group of implants (#) formation score (+ SD)
0 0.1-1 1.1-2 2.1-3 3.14 4.1-5
2 1 8 6 2 0.8+0.2
I 6 6 0.0 + 0.0
1 8 8 0.0 £0.0
4 1 8 8 22+0.1
1I 6 2 4 1.1+1.0
1 8 4 4 0.1 £0.1
7 I 8 4 4 3.1+0.7
I 6 2 4 23+ 0.6
111 8 6 2 1.0+ 0.2
9 I 8 8 34+0.1
11 6 4 2 3.1+0.7
1 8 6 2 1.9+02
12 1 8 [§ 2 37+04
I 6 2 4 34405
111 8 2 2 2 2 1.2+ 1.1

Experimental group I: HA scaffolds seeded with 100 000 cells, which were cultured for 5 days prior to implantation.

Experimental group II: HA scaffolds seeded with 750000 cells for 16 h prior to implantation.

Experimental group III: HA scaffolds seeded with 100000 cells for 16 h prior to implantation.

The following scale was used to estimate bone formation: (0) no bone formation; (1) first signs of bone formation in few sections of the sample; (2)
bone tissue occupied less than 10% of the pore area; (3) bone occupied between 10 and 20% of the pore area; (4) bone tissue spread over 20 to 50% of

the pore area; and (5) bone occupied more than half of the pore area.

Figure 4 Light micrographs illustrating representative sections after 2
days of implantation. (a) First signs of in vivo bone formation on HA
scaffolds in which rat bone marrow cells grown for 5 days, (group I,
200 x ); (b) Fibrous tissue is present on the cell seeded implants (group
11, 100 x ).

of newly formed bone was directly proportional to the
amount of seeded bone marrow cells.

An interesting analysis is to compare the in vivo
osteogenic potential of bone-like matrix containing
scaffolds (group I) at day 2, 4 and 7 to the lower cell
density seeded scaffolds (group III) at day 7, 9 and 12,
respectively. On both groups, HA particles were seeded
with an equal cell amount, however, in group I cells were
cultured for an additional period of 5 days prior to
implantation. Therefore, when adding in vitro and in vivo
testing periods samples of group I at day 2, 4 and 7 after
implantation can be compared with samples from group
IIT at day 7, 9 and 12 after implantation, respectively.
Although no differences in bone formation could be
detected between samples from group I at 2 days of
implantation and samples from group III at day 7
(p=0.2381), group I at day 4 and 7 exhibited
significantly higher bone formation scores as compared
to group III at day 9 (p=0.021) and 12 (p =0.015),
respectively. This indicates that cell seeding and culture
for 5 days prior to implantation seems more efficient than
cell seeding followed by an extra implantation period of
5 days.

Discussion

Bone marrow has long been recognized to contain
osteoprogenitor cells that are able to differentiate
towards the osteogenic lineage when cultured in
conditions permissive to osteobastic development [30].
In the present study, we used rat bone marrow cells to
evaluate the potential of two cell therapy approaches
used in the development of bone grafts with osteogenic
properties. One approach aims at in vitro engineering an
autologous bone graft through the use of porous scaffolds
coated with a layer of bone-like tissue, while the second
approach uses porous scaffolds in combination with
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Figure 5 Light micrographs illustrating de novo formed bone after 7
days of implantation. (a) Rat bone marrow cells grown for 5 days on
porous HA particles (group I, 100 x ); (b) rat bone marrow cells seeded
for 16 h on porous HA particles (group II, 100 x ); (c) rat bone marrow
cells seeded for 16 h on porous HA particles (group III, 100 x ).

seeded osteogenic cells. For this purpose four experi-
mental groups were developed (Table I) and studied. On
HA scaffolds, in which cells were seeded and cultured for
5 days, light and scanning electron microscopy results
revealed the presence of multilayers of cells embedded
within extracellular matrix where collagen fibers were
abundantly detected. Although, in this study, the
identification of collagen was only based on microscopic
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observations, our group has previously reported the
identification of collagen I on this type of constructs
using immunological assays [26], demonstrating the
presence of a bone-like tissue on such samples. On the
contrary, scaffolds seeded with cells for 16h were
extracellular matrix free, consisting of cell/HA con-
structs. To determine whether porous HA scaffolds
containing in vitro formed bone-like matrix would
induce faster bone formation as compared to HA
scaffolds with seeded osteogenic cells, the samples
were subcutaneouslly implanted in syngeneic rats for
periods of 2,4, 7,9 and 12 days. Our data indicated that
the bone-like matrix containing scaffolds (group I),
during the earlier implantation periods (day 2 and day 4),
clearly induced faster bone formation as compared to the
high cell density seeded scaffolds (group II). Such
differences between the two groups may have resulted
from several factors. It is likely that the cultured cells
were in a further stage in the process of osteogenic
differentiation, since they had been in the presence of the
differentiation factor dexamethasone for an additional
period of 5 days. In addition, and as suggested by
Yoshikawa et al. [29], the immediate in vivo bone
inducing ability of these constructs can be related to bone
proteins and growth factors that are present in the formed
extracellular matrix and contribute to enhanced osteo-
geneicity of the implants. In fact, previous research in our
group [26] revealed that similar constructs, obtained
from human bone marrow cells, expressed mRNA for
alkaline phosphatase, osteopontin, osteocalcin and bone
morphogenetic proteins 2 and 4.

For the implantation periods of 7, 9 and 12 days, the
average degree of osteogenesis found in group I was
slightly higher than in group II. This difference, however,
was not statistically significant. Nevertheless, it should
be noted that bone turn-over is very fast in rats. In a
larger animal, the two types of implants would take
longer than 7 days to achieve the same degree of bone
formation. Therefore, it is likely that on a clinical
relevant situation, such as a bone defect in a large animal,
implant stability will be achieved earlier if bone-like
tissue is present on the grafts at the time of implantation.
These two tissue engineering approaches are currently
being tested in a large animal model.

To compare the in vivo osteogenic potential of
scaffolds in which cells were cultured for 5 days
followed by implantation to scaffolds in which cells
were seeded and implanted for an additional period of 5
days (so, identical total test periods), the extent of bone
formation on samples from group I at days 2, 4 and 7 of
implantation was compared to the extent of bone
formation on samples from group III at days 7, 9 and
12. Results demonstrated that scaffolds from group I
presented a significantly higher degree of bone tissue at
day 4 and 7, as compared to scaffolds from group III at
day 9 and 12, respectively. This data indicates that cell
seeding and culture for 5 days prior to implantation is
more efficient as cell compared to cell seeding followed
by an extra implantation period of 5 days. As previously
mentioned, these findings maybe related to the longer
exposure of the cultured cells to dexamethasone,
resulting in different degrees of cell differentiation in
both experimental groups.



Conclusions

The results presented herein demonstrate that scaffolds
which contain an in vitro formed matrix induce
significantly faster bone formation as compared to
scaffolds in which cells are only seeded. This suggests
that a tissue engineered bone implant is more efficient
when cells have already started to form a bone-like tissue
in vitro. Moreover, the results indicate that longer
implantation periods for the cell seeded implants do not
achieve the degree of bone formation found in implants
containing an in vitro cultured bone-like matrix.
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