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Abstract

The aim of this study was to evaluate a semi-automated perfusion bioreactor system for
the production of clinically relevant amounts of human tissue-engineered bone. Human bone
marrow stromal cells (hBMSCs) of eight donors were dynamically seeded and proliferated in
a perfusion bioreactor system in clinically relevant volumes (10 cm3) of macroporous biphasic
calcium phosphate scaffolds (BCP particles, 2–6 mm). Cell load and distribution were shown using
methylene blue staining. MTT staining was used to demonstrate viability of the present cells. After
20 days of cultivation, the particles were covered with a homogeneous layer of viable cells. Online
oxygen measurements confirmed the proliferation of hBMSCs in the bioreactor. After 20 days of
cultivation, the hybrid constructs became interconnected and a dense layer of extracellular matrix
was present, as visualized by scanning electron microscopy (SEM). Furthermore, the hBMSCs showed
differentiation towards the osteogenic lineage as was indicated by collagen type I production and
alkaline phosphatase (ALP) expression. We observed no significant differences in osteogenic gene
expression profiles between static and dynamic conditions like ALP, BMP2, Id1, Id2, Smad6,
collagen type I, osteocalcin, osteonectin and S100A4. For the donors that showed bone formation,
dynamically cultured hybrid constructs showed the same amount of bone as the statically cultured
hybrid constructs. Based on these results, we conclude that a semi-automated perfusion bioreactor
system is capable of producing clinically relevant and viable amounts of human tissue-engineered
bone that exhibit bone-forming potential after implantation in nude mice. Copyright  2009 John
Wiley & Sons, Ltd.
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1. Introduction

Bone marrow stromal cells (BMSCs) have been extensively
investigated in both experimental and clinical settings.
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These cells exhibit multipotency [1–3], which potentially
enables them to be used for the treatment of several
diseases [4,5]. In the field of tissue engineering, BMSCs
have been used for bone repair, since one of their most
important differentiation pathways seems to be osteogenic
[6]. The proof of concept for bone tissue engineering by
combining bone marrow stem cells with suitable biomate-
rials (hybrid constructs) has been shown both ectopically
[7,8,12] and orthotopically in rodent studies [9–12].
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Although cell-based bone tissue engineering is a
promising concept, there are still some problems which
have to be solved in order to be clinically applicable
[13]. First, osteogenic constructs are often produced by
isolating osteoprogenitor cells from a marrow aspirate
which are multiplied in tissue culture flasks and
subsequently seeded on and in a three-dimensional (3D)
scaffold [14,15]. It has been reported that the average
amount of adult stem cells that can be differentiated
into the osteogenic lineage from a patient is only about
1–10 per 100 000 cells present in the bone marrow [16],
while 200–800 million adult stem cells are required for
clinical use to repair a large bone defect [17]. Taking
into account that an average bone marrow aspirate
of 10 ml will harvest 500–8000 adult stem cells, up
to a million-fold multiplication is needed for clinical
treatment. For large-scale production, the current two-
dimensional (2D) multiplication process in tissue culture
flasks has some serious drawbacks. The flasks are limited
in their productivity by the number of cells that can
be supported by a given area, while repeated handling
for culture maintenance makes the process labour-
intensive and susceptible to contamination. Moreover,
the microenvironment of the cells is not monitored and
controlled, which results in suboptimal culture conditions
[18]. Furthermore, the 2D proliferation of these cells is
not comparable with the in vivo situation. It has been
shown that 2D expanded BMSCs have a diminished
differentiation capacity in comparison with those found
in fresh bone marrow [19,20]. It is hypothesized that a
3D culture system may represent a physiologically more
favourable environment for BMSCs than a tissue culture
flask, as shown for several cell types [21].

Another challenge that complicates the clinical applica-
tion of BMSCs in bone tissue engineering is the available
amount of tissue-engineered product. Clinically useful vol-
umes of hybrid constructs for spinal surgery vary in the
range 4–15 cm3 [22], whereas these amounts are often
>20 cm3 for some other orthopaedic applications [23].
Production of these amounts of hybrid construct is compli-
cated because of potential mass transfer limitations with
respect to the supply of oxygen and medium components.
It is well known that mass transfer limitations occur during
in vitro culture of various 3D constructs, resulting in a lim-
ited amount of cell growth into the 3D construct [24,25].
Bioreactors that perfuse medium through scaffolds allow
the reduction of internal mass-transfer limitations and the
exertion of mechanical forces by fluid flow [26]. Culti-
vation of osteoblast-like cells and rat bone marrow stem
cells on 3D constructs in perfusion bioreactors have been
shown to enhance growth, differentiation and mineralized
matrix production in vitro [27–30]. Only few studies have
shown in vivo bone formation of animal-derived hybrid
constructs cultivated in perfusion bioreactors [31,32].
None of these studies were performed using human
BMSCs. Previously, we have reported a direct perfu-
sion bioreactor system that can drastically reduce the
amount of space and handling steps involved and increase
the volume of tissue-engineered product for bone tissue

engineering. Furthermore, this system allowed the online
monitoring of oxygen consumption during seeding and
cultivation of the hybrid constructs [33]. We demon-
strated that the produced hybrid constructs (using goat
BMSCs as a model system) gave rise to in vivo bone for-
mation after implantation in nude mice [32], whereas the
bare scaffold showed no osteoinductive potential in nude
mice [34]. In this study we evaluated the direct perfusion
system for human bone tissue engineering. We report the
cultivation of human BMSCs (hBMSCs) from eight differ-
ent donors in 13 independent bioreactor runs. The runs
varied in seeding density, perfusion rate and cultivation
time. The obtained hybrid constructs were evaluated with
respect to cell load, viability, in vitro differentiation and
in vivo bone formation.

2. Materials and methods

2.1. Production of human hybrid constructs

2.1.1. Initial cell culturing of hBMSCs in tissue
culture flasks

Human bone marrow aspirates were obtained from eight
patients who had given written informed consent. The
aspirates were isolated from the iliac crest and cultured
as previously described in detail [20]. Culture medium
comprised of α-MEM supplemented with 10% FBS,
antibiotics, 0.1 mM L-ascorbic acid-2-phosphate, 2 mM L-
glutamine, 1 × 105 mM dexamethasone and 1 ng/ml basic
fibroblast growth factor (bFGF). hBMSCs were cultured
at 37 ◦C in a humid atmosphere with 5% CO2. At the end
of the first passage (P1), the cells were cryopreserved.
Within 12 months, the cryopreserved cells were thawed
and replated in tissue culture flasks. When the cells
were near confluence, they were washed with phosphate-
buffered saline (PBS), enzymatically released by means of
a 0.25% trypsin–EDTA solution and replated at a density
of 5000 cells/cm2. Subsequent passages were performed
when cells were near confluence, usually 4–5 days later.

2.1.2. Scaffolds

Biphasic calcium phosphate scaffolds (BCP, OsSatura,
IsoTis, The Netherlands) were made of 36% macroporous
(pores >100 µm) biphasic calcium phosphate. The
total porosity of these scaffolds was 59% (average
interconnected pore size = 388 µm of all the pores
>100 µm) as measured by Hg porosity measurement. BCP
scaffolds were produced according to the H2O2 method
including naphthalene, as described previously [34]. The
material was sintered at 1200 ◦C. The ceramic consisted
of 80 ± 5% hydroxyapatite (HA) and 20 ± 5% tricalcium
phosphate (TCP), as confirmed by X-ray diffraction and
Fourier-transformed infrared spectroscopy (FITR), no
additional impurities were detected. Granules of diameter
2–6 mm were γ -irradiated at a minimal dose of 25 kGy.
10 cm3 of scaffold material consisted of 230 scaffolds
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±10%. The packed scaffold bed inside the bioreactor was
visualized by microCT imaging and is depicted in Figure 1.
Compaction density of the randomly stacked scaffold bed
was 0.81 ± 0.02 as determined for five different 10 cm3

batches.

2.1.3. The semi-automated bioreactor
and bioreactor system

A direct perfusion flow bioreactor was used as described
previously [32,33] and is schematically shown in Figure 2.
In short, the bioreactor consists of an inner and outer
housing, which were configured as coaxially disposed,
nested cylinders. The bioreactor system comprised a
bioreactor, a sterile fluid pathway (made of γ -sterilized
PVC tubing, which had low gas permeability) that includes
a medium supply vessel, a pump, an oxygenator and a
waste vessel. The individual components of the bioreactor
system can be detached in a sterile way by using a
tube sealer (Teruseal, Terumo). After sampling, these
components can be attached again in a sterile way using
a tube welder (TSCD, Terumo). The fluid pathway

contained a temperature sensor and two dissolved oxygen
sensors, which were placed at the medium inlet and outlet
of the bioreactor.

The entire bioreactor system was placed in a
temperature-controlled box (incubation unit), which was
kept at 37 ◦C. These incubation units lack a gas-controlled
atmosphere and to supply the cells with oxygen and
carbon dioxide, an oxygenator was developed. The
oxygenator comprised a closed chamber containing a
gas-permeable silicon tube. The gas environment in the
chamber was kept at a constant level of 20% O2 and
5% CO2 and medium was pumped through the gas-
permeable tube. This system enables a medium flow
through the bioreactor of a constant pH and a constant
oxygen concentration.

2.1.4. Seeding and culturing of hBMSCs
in the bioreactor system

hBMSCs, cultured as described before, were suspended
in culture medium and transported into a seeding vessel
which was attached to the seeding loop of the bioreactor

Figure 1. Micro CT images of the packed scaffold bed inside the bioreactor. View from the top (left) and the side (right)

Figure 2. Process scheme bioreactor system. Medium is perfused from the bottom to the top, allowing a medium flow over and
through the scaffold bed (stacked black dots). Two loops can be distinguished: a seeding loop (dashed line) and a proliferation
loop (solid line)
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system described in Figure 2. Before cell seeding, 10 cm3

scaffold material in the bioreactor (dimensions of the
bioreactor chamber: diameter, 2.8 cm; height, 2.6 cm)
was flushed with cultivation medium in order to pre-
wet the particles and allow serum proteins to attach to
the scaffold surface. hBMSCs of various passages and in
different concentrations were suspended in 20 ml culti-
vation medium and seeded on 10 cm3 scaffold material
in a bioreactor system. hBMSCs of eight different human
donors were used in a total of 13 separate bioreactor runs.
An overview of all the experiments executed is depicted
in Table 1.

Cell seeding took place by closing the recirculation loop
and circulating the cell suspension through the seeding
loop for 4 h at 4 ml/min (108 µm/s, unless stated other-
wise), flow direction from bottom to top. After seeding,
the seeding loop was closed and fresh medium was flushed
through the bioreactor and tubing into the waste vessel
(connected to the drain) to remove any non-adhered cells.
After the flush period, the fluid path towards the drain
was closed and, unless stated otherwise, medium recir-
culation was started at 4 ml/min (108 µm/s), in order
to promote proliferation of the attached hBMSCs. The
culture medium (with a composition as described before)
in the recirculation loop was refreshed twice every week.
During cultivation at 37 ◦C, three to five scaffold samples
were taken from three different positions of the bioreactor
(top, middle and bottom sections) at several time points.
These samples were used for Methylene Blue (MB) and
MTT staining. At the end of the cultivation period, random
scaffold samples were taken for quantitative PCR (run Nos
11–13) and implantation studies in nude mice (all runs).

2.1.5. Static seeding and culturing

Static control scaffolds (48 particles, approximately
2 cm3) were statically seeded with hBMSCs placed in a
25-well bacteriological-grade plate. Particles were placed
in groups of three particles and 100 µl of a cell suspension
(with a cell density comparable to the dynamic cell

Table 1. Schematic overview of the bioreactor runs and process
conditions

Run
No.

Donor
No. Gender/age

Passage
No.

Amounts of
hBMSCs seeded

(×106)

Cultivation
time

(days)

1 1 M/72 2 1 20
2 1 2 6 20
3 1 2 12 20
4 2 M/44 2 12 20
5 3 F/62 1 1 20
6 3 1 1 20
7 4 M/75 1 1 20
8 4 1 4 20
9 5 F/24 5 12 40
10∗ 5 2 12 7
11∗ 6 M/63 2 12 7
12∗ 7 F/68 2 12 7
13∗ 8 M/21 2 12 7

∗Hybrid constructs in runs 10–13 were seeded statically.

suspension) was applied on top of the particles. Cells
were allowed to attach for 4 h at 37 ◦C, after which
an additional 2 ml culture medium was added to each
well. Cells were statically cultured at 37 ◦C in a humid
atmosphere with 5% CO2 and the cultivation medium
was changed twice every week. Culture times of the
static hybrid constructs were identical to the dynamically
cultured constructs (see Table 1).

2.1.6. Online oxygen measurement

The oxygen concentration was measured online in the
medium inlet and medium outlet during dynamic prolif-
eration, as can be seen in the process scheme in Figure 2.
The oxygen electrodes used were sterilizable dissolved
oxygen sensors from Applisens (Applikon, The Nether-
lands). In previous studies we showed that the difference
in oxygen concentration between the medium inlet and
medium outlet (�DO), when assuming a constant specific
oxygen consumption (qo), liquid volume of the bioreactor
(Vl) and perfusion flow rate (Fl), is directly proportional
to the biomass concentration [32,33].

2.1.7. Measurement of metabolites

Metabolites in the cultivation medium (glucose, lactate
and ammonia) were measured in time using the
Vitros DT 60 medium analyser. Dilutions for ammonia
measurements were made in phosphate buffer, pH 7.5.

2.2. Characterization of human hybrid
constructs

2.2.1. Cell distribution, load and viability

Cell distribution and cell load on the particles in the
bioreactor were qualitatively assessed by using MB
staining. After sampling, cells on the particles were fixed
in 1.5% glutaraldehyde in 0.14 M cacodylic buffer, pH
7.4 ± 0.1 adjusted with 1 M HCl. After fixation, 1%
methylene blue solution was added and incubated for 60 s
and washed twice with PBS in order to remove non-bound
methylene blue. Cells on the particles were visualized
using light microscopy. For measuring cell viability, MTT
staining was used. A solution of 1% MTT was applied
on the particles containing cells. After 4 h of incubation,
the MTT solution was removed by flushing the particles
with PBS. Particles and cells were visualized using light
microscopy.

2.2.2. Alkaline phosphatase staining

Expression of alkaline phosphatase (ALP) was evaluated
by an Azo-dye method. Briefly, hybrid constructs were
washed twice with PBS and fixed for 2 h in 4%
paraformaldehyde. After washing the hybrid constructs
twice with PBS, the samples were incubated in a naphthol
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AS-BI phosphate solution (6-bromo-2-phosphohydroxy-3-
naphthoic acid o-anisidide) containing 0.1% w/w fast
blue R salt (Sigma, The Netherlands) for 15 min at
room temperature. Prior to incubation, the samples were
incubated; the solution was filtered through a 0.2 µm
filter in order to remove non-dissolved fast blue R
salt.

2.2.3. Collagen type I assay

Expression of collagen type I by bone marrow stem cells
cultured on particles was determined by immunohis-
tochemistry. Fresh samples of hybrid constructs were
hydrated by washing them in 100% PBS at 37 ◦C. PBS
was removed and samples were blocked with 100%
blocking buffer (BB, X0909, DAKO) for 60 min at room
temperature. Dilutions of the primary antibody (mouse
monoclonal to collagen type 1, reacts with human and
goat, Abcam Ab23446, CSI 008-01) were made in PBS
with 10% BB. Samples were incubated with the primary
antibody at 4 ◦C for 16 h and subsequently washed three
times with PBS with 10% BB. Samples were incubated
with a secondary antibody (rabbit polyclonal to mouse IgG
with a horseradish peroxidase conjugate; Abcam, ab6728)
for 60 min at room temperature. Samples were washed
three times with PBS. Subsequently a DAB chromogen
solution was prepared by adding three drops of DAB solu-
tion (3,3′-diaminobenzidine chromogen solution, DAKO)
in 1 ml DAB buffer (buffer solution, pH 7.5, DAKO). Sam-
ples were incubated in 100 µl DAB chromogen solution
for 10 min at room temperature. Positive (goat bone)
and negative (incubations without primary antibody and
particles without cells) controls were also included in this
experiment.

2.2.4. SEM and EDX analysis

After the in vitro cultivation period, matrix formation
was examined by scanning electron microscopy (ESEM)
and energy dispersive X-ray analysis (EDX). Samples
from cell–scaffold constructs for ESEM analysis were
fixed, dehydrated, gold-coated and examined in an
environmental scanning electron microscope (ESEM;
XL30, ESEM-FEG, Philips, The Netherlands). EDX analysis
was used to identify the chemical composition of
structures present on the particles.

2.2.5. RNA isolation and quantitative PCR

The effect of static and dynamic culture systems on
expression of osteogenic marker genes was analysed
by isolating RNA at the end of the culture period for
bioreactor runs 11–13. The RNA was isolated using a
Trizol RNA kit (Qiagen) and DNase treated with 10 U
RNase-free DNase I (Gibco) at 37 ◦C for 30 min. DNAse
was inactivated at 72 ◦C for 15 min. 2 µg RNA was
used for first-strand cDNA synthesis, using Superscript
II (Invitrogen) according to the manufacturer’s protocol.

1 µl 100 × diluted cDNA was used for collagen type 1
(COL1) and 18s rRNA amplification and 1 µl undiluted
cDNA was used for other genes. PCR was performed on
a Light Cycler real-time PCR machine (Roche), using a
SYBR green I master mix (Invitrogen). Data was analysed
using Light Cycler software version 3.5.3, using the fit
point method by setting the noise band to the exponential
phase of the reaction to exclude background fluorescence.
Expression of osteogenic marker genes are calculated
relative to 18s rRNA levels by the comparative �CT
method [35] and statistical significance was found using
Student’s t-test (p < 0.05).

2.2.6. In vivo bone formation

Random scaffold samples from bioreactors were taken
after the in vitro cultivation period in a sterile LAF
cabinet and were soaked in α-MEM supplemented with
1% penicillin/streptomycin. Prior to implantation, the
samples were washed in PBS. Control scaffold samples
that were statically seeded and cultured with cells for the
same period of time were also implanted. Nude male
mice (Hsd-cpb : NMRI-nu, Harlan) were anaesthetized
by isoflurane inhalation and subcutaneous pockets were
made. The number of implanted dynamically cultured
hybrid constructs, the number of mice used and a picture
of the subcutaneous implantation are depicted in Figure 3.

The incisions were closed using a vicryl 5-0 suture. After
6 weeks the mice were sacrificed using CO2 and samples
were explanted, fixed in 1.5% glutaraldehyde (Merck) in
0.14 M cacodylic acid (Fluka) buffer, pH 7.3.

The fixed samples were dehydrated and embedded
in methyl methacrylate (Sigma) for sectioning. Approxi-
mately 10 µm thick, undecalcified sections were processed
on a histological diamond saw (Leica Microtome, Nuss-
loch, Germany). The sections were stained with 0.3%
basic fuchsin and 1% methylene blue, in order to visu-
alize bone formation. Histomorphometry was performed

Figure 3. Number of implanted dynamically cultured hybrid
constructs and the numbers of mice used. Subcutaneous
implantation of hybrid constructs is visualized. The black circle
depicts a pocket containing three separate hybrid constructs
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by scanning histological slides of stained sections of the
whole hybrid constructs (run Nos 10–13). At least three
sections (from three separate hybrid constructs) for all
conditions per mouse were made. From these scans, the
surface area of the whole scaffold (region of interest,
ROI), surface area of the BCP ceramic (MAT) and the
surface area of formed bone (BONE) is determined. The
ratio of total amount of bone formed as a percentage of
the available pore area (BIP) is determined according to
equation 1:

BIP = BONE/(ROI-MAT) × 100% (1)

The obtained results were tested for statistical significance
using a two-tailed Student’s t-test (p < 0.05).

3. Results and discussion

3.1. Production of human hybrid constructs
in a perfusion bioreactor system

Because of known patient variability with respect to
proliferation and differentiation capacity of hBMSCs
[20,40], we cultured cells on BCP particles in the
perfusion bioreactor system of eight different donors in
13 separate runs. The runs varied in seeding density,
perfusion rate and cultivation time (see Table 1).

3.1.1. Effect of seeding density on hBMSC growth

In bioreactor runs 1–3 and 7–8, cells were cultured in
different seeding densities for two donors. In runs 1–3,
cells were cultured in three seeding densities (donor 1),

varying in the range 1–12 million cells. Samples were
taken after 3, 10 and 17 days and stained with MB to
visualize cell load and cell distribution (Figure 4).

Initially, more cells were visible on the particles for the
highest seeding density (Figure 4G). Between individual
particles, variations in cell load existed and cells were
not distributed homogeneously over the scaffold surface
at the first time points (Figure 4A, D, G). An increase
in cell load per scaffold in time was observed during the
proliferation phase for all seeding densities. After 17 days,
the particles were largely covered with a homogeneous
cell layer for all seeding densities. At this time point,
no differences were seen between the top, middle and
bottom fractions of the bioreactor. Furthermore, there
was no visual difference in cell load between the different
seeding densities (Figure 4C, F, I). We observed identical
trends for different seeding densities in runs 7 and 8
(data not shown). The oxygen consumption supported the
observed cell growth patterns (Figure 5). The ingoing and
outgoing dissolved oxygen concentrations were measured
during proliferation in all three bioreactor runs. During
proliferation, the inlet oxygen concentration was kept at
a constant level of 100% by saturation of the medium
in the oxygenator and the outlet oxygen concentration
decreased in time. The difference between the ingoing
and outgoing oxygen concentration (�DO) for runs 1–3
is depicted in Figure 5.

The �DO increases during cultivation and plateau val-
ues of about 18% were reached for all seeding densities.
This plateau value is reached after approximately 10,
13 and 19 days when seeding 12, 6 and 1 million cells,
respectively. During cultivation, the cell load on the par-
ticles could be correlated with the difference in oxygen
consumption, which was already demonstrated for goat

Figure 4. MB stained hBMSCs on OsSatura BCP particles after dynamic proliferation from left to right after 3, 10 and 17 days for
three different seeding densities: 1 × 106 (A–C); 6 × 106 (D–F); and 12 × 106 (G–I)
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Figure 5. Net dissolved oxygen consumption (�DO = DOin
−DOout) during dynamic proliferation of hBMSCs from donor
1 on OsSatura BCP particles for three different seeding
densities: 1 × 106; 6 × 106; and 12 106 cells. 100% indicates the
concentration in cultivation medium, which is in equilibrium
with the 20% oxygen in air. Arrows represent different time
points (3, 10 and 17 days) for which the cell load is visualized
by MB staining in Figure 4

BMSCs [31]. The arrows in Figure 5 correspond with the
time points at which the cell loads are depicted in Figure 4.
When the plateau values are reached (i.e. the �DO con-
centrations are equal for the three runs), the visually
observed cell amounts present on the particles are iden-
tical. Furthermore, the oxygen consumption data were
fitted in order to determine the growth rate of the cells on
the particles, as described previously [32]. Remarkably,
an exponential fit of the data did not correlate as well as
a linear fit. Under optimal conditions, one would expect
exponential cell growth, but apparently unknown factors
are inhibiting the cell growth under these conditions. The
data for both fits are shown in Table 2.

Cultures that were seeded at 6 and 12 million cells had a
comparable expansion factor, whereas the culture seeded
with 1 million cells had a significantly higher growth
rate. This could be explained by the fact that cells at
lower seeding densities experience less cell–cell contact.
It has been described previously that cell–cell contact
can stimulate differentiation and inhibit proliferation.
Furthermore, we have already reported higher cell
proliferation rates when culturing human mesenchymal
stem cells on 2D tissue culture flasks at low cell-seeding
densities when compared to higher cell-seeding densities
[36]. In conclusion, hBMSCs were successfully seeded
in different densities and proliferated in a perfusion
bioreactor system.

Table 2. Population doubling times, linear expansion factors and
their correlation coefficient R2 after exponential and linear fit of
DO data of bioreactor runs 1–3

Bioreactor
run No.

Seeding
density

Td (d) Exp. fit
y = xeut (R2)

Expansion factor
(d−1) Lin. fit

y = ax + b (R2)

1 1 × 106 57 (0.94) 2.79 (0.98)
2 6 × 106 61 (0.74) 1.86 (0.99)
3 12 × 106 87 (0.94) 1.93 (0.98)

Figure 6. Net dissolved oxygen consumption (�DO = DOin
−DOout) during dynamic proliferation of hBMSCs from donor
3 on OsSatura BCP particles for two perfusion rates: 1 and
4 ml/min. (A) 1 ml/min and (B) 4 ml/min show MB-stained
hBMSCs after 18 days of proliferation. 100% indicates the
concentration in cultivation medium, which is in equilibrium
with the 20% oxygen in air

3.1.2. Effect of perfusion rate on hBMSC growth

In runs 5 and 6 (donor 3), cells were cultured at 1
and 4 ml/min, respectively, to evaluate the effect of the
perfusion rate (pr) on cell growth. The difference between
the ingoing and outgoing oxygen concentration (�DO) is
depicted in Figure 6.

The �DO increases during cultivation for both
perfusion rates, but the signal is detected after 7 days
when using a perfusion rate of 1 ml/min compared to
15 days for 4 ml/min. Furthermore, a linear reciprocal
relationship between the perfusion rate and the �DO was
observed. The �DO reading of culture 5 (pr 1 ml/min)
is approximately four times higher than the reading of
culture 6 (pr 4 ml/min), as can be seen in Figure 6. After
17 days of cultivation, the �DO of culture 5 is about 26%,
whereas the �DO of culture 6 is about 6%. The difference
in �DO equals the difference in perfusion rate between the
two cultures. This can be explained in terms of the fluid
residence time. A decrease in perfusion rate resulted in an
increase of the average residence time of a fluid package
in the bioreactor, allowing the present cells to consume
more oxygen. After 20 days of cultivation, no difference
in cell load could be detected between the two perfusion
conditions. The particles were largely covered with cells
which are depicted in Figure 6A, B. In conclusion, no effect
could be observed for the evaluated perfusion rates with
respect to the cell load on the particles after cultivation.

3.1.3. Cell metabolism during cultivation

Cells were cultured in a bioreactor system for 40 days
in run 9 (donor 5). Medium samples were analysed
for glucose, lactate and ammonia concentrations. During
cultivation on the glucose consumption increased, as well
as lactate and ammonia production (Figure 7). Glucose
is used as a carbon and energy source, and lactate and
ammonia are waste products of cell metabolism. This
indicated cell growth and correlated with an increase in
�DO during cultivation. A thick layer of living cells was
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Figure 7. Net dissolved oxygen consumption (�DO = DOin
−DOout) and metabolite consumption and production during
dynamic proliferation of hBMSCs from donor 5 on OsSatura

BCP particles. (A) The scaffold without cells; (B) MTT stained
hBMSCs after 40 days of proliferation

present on the particles even after 40 days of cultivation,
as shown by MTT staining in Figure 7.

The molar ratio of lactate produced and the amount
of glucose consumed (Qlac : glu) is very close to 2 during
the entire cultivation period. The same phenomenon
was observed in other runs. This finding suggests
that anaerobic glycolysis is the prevalent mechanism
for glucose consumption as an energy source [37,38].
This was a surprising finding, since 100% air-saturated
medium (containing 20% oxygen) enters the bioreactor.
In all cases, we measured dissolved oxygen concentrations
at the outlet above 70% of air saturation, which does not
represent a hypoxic environment for the cells. The fact
that this mechanism is occurring in the presence of oxygen

is a phenomenon known as the Warburg effect [39]. At
this time, the significance of this effect is not known to
us, but future research is going to be conducted in order
to unravel the cell metabolism of human BMSCs under
different oxygen conditions.

3.2. Characterization of human hybrid
constructs produced in a perfusion bioreactor
system

3.2.1. In vitro characterization: SEM, collagen
type I, ALP expression and quantitative PCR

During visual inspection of the hBMSCs on the BCP
particles, it was observed that the hybrid structures
became interconnected. For all runs, a dense layer of
extracellular matrix was present on and between the
particles.

SEM. Characterization of the cell layer and the extra
cellular matrix was done using SEM microscopy. Figure 8
shows the development of the cell layer on the BCP surface
for bioreactor run 1.

Particles seeded at 1 million cells were visualized
during proliferation after 3, 10 and 17 days. Particles
seeded at 1 million cells showed few cells after 3 days
(Figure 8B) but considerably more after 10 and 17 days
(Figure 8C, D). After 17 days the hybrid constructs of
bioreactor runs 1 and 3 (donor 1; seeding density 1 and
12 million cells, respectively) showed no difference with
respect to the appearance of the cell layer on the particles.

Figure 8. Scanning electron micrograph of hBMSCs cultured on OsSatura BCP particles in bioreactor run 1 (seeding density
1 × 106 cells). Scaffold after 0 days (A), after 3 days (B), after 10 days (C) and after 17 days (D)
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Figure 9. Scanning electron micrograph of hBMSCs on OsSatura BCP particles in bioreactor run 4 after 20 days of dynamic
proliferation at different magnifications: (A) ×241; (B) ×913; (C, D) ×7305. White arrows and circles depict calcium phosphate
nodules as determined by EDX analysis (C, D, red circle)

This was in correspondence with the results of the MB
staining shown in Figure 4. On the SEM images, sphere-
like structures (±0.5–1 µm) were observed throughout
the whole construct. In Figure 9, these nodules are
indicated with a white arrow and circle for different
magnifications.

EDX analysis showed (red circle) that these nodules
consisted of calcium phosphate which is indicative of
calcium formation in vitro.

Collagen type I and ALP expression. In order to confirm
if the hybrid constructs show differentiation towards the
osteogenic lineage, the presence of alkaline phosphatase
(ALP) and collagen type I was investigated. The results
are shown in Figure 10.

Dynamically cultured constructs showed abundant
ALP and collagen type I expression (Figure 10A, C,
respectively), whereas the controls with cells without
primary antibody and controls without cells showed no
ALP and collagen type I expression (Figure 10B, D).
The presence of extracellular matrix containing calcium
phosphate nodules as well as ALP and collagen type I
expression proves differentiation towards the osteogenic
lineage under in vitro conditions, which is in agreement
with the previously mentioned studies [28–30].

Quantitative PCR. We observed no significant differences
in osteogenic gene expression profiles between static
and dynamic conditions in bioreactor runs 11–13 (data
not shown). There seemed to be a slightly higher but
statistically insignificant ALP expression under dynamic

conditions when compared to the statically cultured
hybrid constructs. Other osteogenic genes, such as
Cbfa1, collagen type I, osteocalcin, osteonectin and
negative regulator of mineralization S100A4, showed
no significant difference between static and dynamic
conditions. Although we observed a slightly higher
induction of BMP2 expression under dynamic conditions,
it did not reflect on its target gene expression, such as Id1,
Id2 or Smad6.

3.2.2. In vivo characterization: bone formation
of hybrid constructs in nude mice

After subcutaneous implantation in nude mice for
6 weeks, the hybrid constructs were explanted, histologi-
cally processed and bone formation in vivo was assessed.
The bone formation for the bioreactor runs is schemati-
cally depicted in Table 3.

In seven of eight donors, in vivo bone formation was
observed in nude mice under both static and dynamic
conditions. In Figure 11, the in vivo bone formation of
dynamically cultured hybrid constructs is shown for
donors 1 (11A1-3) and 3 (11B1-2).

The control scaffold without cells is depicted in
Figure 11C. De novo-formed bone was deposited against
the walls of the scaffold material. In many samples,
areas with mineralized bone (Figure 11A1–A3 and B1–2,
red colour) and osteoid (Figure 11A3 and B1–2, pinkish
colour) could be identified. Osteocytes are visible within
the bone matrix, and osteoblasts are present in a layer
on top of the newly formed bone. Blood vessels (blue
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Figure 10. ALP and collagen type I expression (A, C) on hybrid constructs from bioreactor run 9 after 40 days of dynamic
proliferation. The controls with cells without primary antibody and controls without cells showed no ALP and collagen type I
expression (B, D)

Table 3. Bone formation for all bioreactor runs

Run No. Donor No. Passage No.

Amounts of
HBMSCs seeded

(×106)

In vivo: number of
mice/number of hybrid
constructs implanted

In vivo bone
formation: static

In vivo bone
formation: dynamic

1 1 2 1 2/12 + +
2 1 2 6 2/12 + +
3 1 2 12 2/12 + +
4 2 2 12 2/12 − −
5 3 1 1 2/12 + +
6 3 1 1 2/12 + +
7 4 1 1 2/12 + +
8 4 1 4 2/12 + +
9 5 5 12 6/36 − −
10 5 2 12 10/30 + +
11 6 2 12 10/30 + +
12 7 2 12 10/30 + +
13 8 2 12 10/30 + +

arrow), bone marrow (white arrow) and fat cells (red
arrow) were often associated with and in close proximity
to newly formed bone.

Most of the statically and dynamically cultivated hybrid
constructs showed bone formation in vivo. As reported
before, an osteogenic phenotype as shown for the hybrid
constructs from bioreactor runs 4 and 9 in vitro is not
predictive for osteogenisis in vivo [40]. In seven of eight
donors, bone formation was observed in statically as well
as dynamically cultured hybrid constructs. Therefore,
this effect could not be explained by the difference in
cultivation method. In vivo bone formation appears to be
donor-dependent (run 4 vs. runs 1–3 and 5–9) as well as
passage-dependent (run 9 vs. 10, of donor 5), which is in
agreement with previous studies [20,41,42]. Varying the
seeding density and the perfusion rate during dynamic
culturing did not have a distinct effect on the in vivo

bone formation. In addition, no relationship was found
between bone formation and donor age or donor sex. This
could be due to the fact that the amount of donors in our
study is relatively small (n = 8, from which only five were
randomly selected) when compared to previous work in
which more donors were used and this correlation was
seen [43,44]. On the other hand, there are also studies
which did not find a correlation between donor age and
in vivo bone formation [45–47].

In order to assess bone formation quantitatively,
we selected four donors (donors 5–8, bioreactor runs
10–13) and cultivated hBMSCs under static and dynamic
conditions on ceramic particles. The resulting human
hybrid constructs were implanted in a statistically relevant
number of nude mice. The in vivo bone formation
was assessed quantitatively by histomorphometry and
is depicted in Figure 12.
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Figure 11. Bone formation by hBMSCs after subcutaneous implantation of dynamically seeded and cultured hybrid constructs from
donors 1 (A1–A3) and 3 (B1, B2). New bone (black arrow) is formed on the surface of the OsSatura BCP particles (BCP). Bone
marrow (white arrow), blood vessel (blue arrow) and fat (red arrow) formation is visible close to newly formed bone tissue

Figure 12. Bone formation by hBMSCs after subcutaneous
implantation of dynamically and statically cultured hybrid
constructs from donors 5–8. Bone formation was quantitatively
assessed by histomorphometry. No significant differences
(p < 0.05) were observed between static and dynamic conditions
for the donors

For these four donors, no statistically significant
difference was found between statically and dynamically
cultured hybrid constructs (p < 0.05). These results differ
from the results of Braccini et al. [48]. In their studies,
implantation of dynamically cultured human hybrid
constructs resulted in higher amounts of in vivo bone
formation in nude mice when compared to statically
cultured hybrid constructs. It is possible that the
discrepancy between these two studies is caused by the

difference in primary isolation of the human BMSCs.
In our study, preselection of hBMSCs took place by
culturing in 2D tissue culture flasks, whereas Braccini
et al. directly seeded a ficolled fraction on and in the
ceramic scaffold. It has been reported previously that
subculturing cells in vitro in 2D tissue culture flasks
induces loss of multipotency and in vivo bone formation
[42]. In the future, we will therefore attempt to isolate
hBMSCs directly from bone marrow aspirates and seed
and culture them on and in ceramic particles in our
perfusion system.

Eventually, bone formation in a critical size defect of
hybrid constructs produced in bioreactors would result
in proof of concept in a large animal model. Previous
results showed that viable cells on BCP scaffolds resulted
in more bone formation when implanted ectopically in
goats when compared to the bare BCP scaffold [49].
However, vascularity in an ectopic acceptor site is much
higher when compared to an orthotopic site. Survival of
cells in large-sized grafts for orthopaedic reconstruction
will be compromised amongst others due to the absence
of vascularization during the first week after implantation
[50]. Therefore, the ultimate challenge would be to obtain
vascularization within the osteogenic construct before
implanting it in the acceptor site. This concept is currently
being investigated by several groups [51–53].
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4. Conclusions

Dynamic seeding and culturing of human bone marrow
stromal cells of different donors on clinically relevant
amounts of ceramic scaffold material is feasible by
using a semi-automated perfusion bioreactor system. We
showed that these cells could be seeded and proliferated
on ceramic particles in different seeding densities and
at different perfusion rates, until the particles were
completely covered. After 20 days a homogeneous and
viable cell layer could be observed based on MB and MTT
staining, which corresponded with online measurements
of oxygen consumption during the cultivation period. The
hybrid structures became interconnected and a dense
layer of extracellular matrix was present as visualized
by environmental scanning electron microscopy (SEM).
SEM images showed, within the extracellular matrix,
sphere-like structures that were identified as calcium
phosphate nodules by energy dispersive X-ray analysis
(EDX). Furthermore, these cells show differentiation
towards the osteogenic lineage, as was shown by
collagen type I production and ALP expression. We
observed no significant differences in osteogenic gene
expression profiles, such as ALP, BMP2, Id1, Id2, Smad6,
collagen type I, osteocalcin, osteonectin and S100A4,
between static and dynamic conditions. Subcutaneous
implantation of hybrid constructs in nude mice consisting
of OsSatura BCP particles and human BMSCs cultivated
under dynamic and static conditions resulted in de novo
bone formation in a donor-dependent way. In seven of
eight donors that showed bone formation, dynamically
cultured hybrid constructs showed the same amount
of bone as the statically cultured hybrid constructs.
When in vivo bone formation was quantitatively assessed
by histomorphometry for four donors, no statistically
significant difference was found between statically and
dynamically cultured hybrid constructs.
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