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Abstract

The combination of scaffolds and mesenchymal stromal cells (MSCs) is a promising approach in bone
tissue engineering (BTE). Knowledge on the survival, outgrowth and bone-forming capacity of MSCs
in vivo is limited. Bioluminescence imaging (BLI), histomorphometry and immunohistochemistry were
combined to study the fate of gene-marked goat and human MSCs (gMSCs, hMSCs) on scaffolds with
different osteoinductive properties. Luciferase–GFP-labelled MSCs were seeded on hydroxyapatite
(HA) or b-tricalcium phosphate (TCP), cultured for 7days in vitro in osteogenic medium, implanted
subcutaneously in immunodeficient mice and monitored with BLI for 6weeks. The constructs were
retrieved and processed for histomorphometry and detection of luciferase-positive cells (LPCs). For
gMSCs, BLI revealed doubling of signal after 1week, declining to 60%of input after 3weeks and remaining
constant until week 6. hMSCs showed a constant decrease of BLI signal to 25% of input, indicating no
further expansion. Bone formation of gMSCs was two-fold higher on TCP than HA. hMSCs and gMSCs
control samples produced equal amounts of bone on TCP. Upon transduction, there was a four-fold
reduction in bone formation comparedwith untransduced hMSCs, and no bonewas formed onHA. LPCs
were detected at day 14, but were much less frequent at day 42. Striking differences were observed in
spatial distribution. MSCs in TCP were found to be aligned and interconnected on the surface but were
scattered in an unstructured fashion inHA. In conclusion, the spatial distribution ofMSCs on the scaffold
is critical for cell–scaffold-based BTE. Copyright © 2012 John Wiley & Sons, Ltd.
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1. Introduction

Combining synthetic materials (scaffolds) with bone
marrow-derived mesenchymal stromal cells (MSCs) is one
of the strategies in bone tissue engineering (BTE) for the
treatment of patients suffering from large bone defects
(Quarto et al., 2001; Chatterjea et al., 2010) or for patients

who need bone augmentation for dental implants
(Schimming and Schmelzeisen, 2004; Klijn et al., 2010).
Althoughmultipotent MSCs can be produced from different
tissues (Pittenger et al., 1999; Jiang et al., 2002), the
most frequently used sources until now are bone marrow
(Pittenger et al., 1999; Friedenstein et al., 1976; Caplan,
1991; Prockop, 1997; Gronthos et al., 2003) and adipose
tissue (Zuk et al., 2001), but the list of tissues from which
MSCs can be produced is rapidly increasing (Baksh et al.,
2004; Porada et al., 2006; Kolf et al., 2007). A variety of
porous calcium phosphate ceramics are being developed
as scaffolds for BTE constructs. Culture-expanded MSCs
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are seeded on these scaffolds, subsequently induced to
differentiate in vitro into the osteogenic lineage, and
implanted in vivo, after which MSCs further differentiate
into osteoblasts and deposit bone tissue onto the ceramic
surface. The osteoinductive and osteoconductive poten-
tial of the ceramics can be modulated by varying the
material characteristics, such as chemical composition,
surface topography and geometry, thereby affecting the
resorption rate and cell–material interactions (Wilson-
Hench, 1987; Albrektsson and Johansson, 2001; Yuan
et al., 2010). The exact underlying mechanisms that lead
to bone induction by these synthetic materials thus far
remain largely unknown. For goat MSCs it was shown that,
when combined with scaffold materials, the MSCs contrib-
uted to a> 10-fold increase in bone deposition compared
with scaffold material without MSCs, with little variation
between different goat MSC donors (Kruyt et al., 2007).
Previous studies have demonstrated that bone deposition
by human MSCs is far less reproducible than in the case of
goat or rat MSCs (Chatterjea et al., 2010; Siddappa et al.,
2007; Prins et al., 2009).

MSCs are highly amenable to genetic modification,
thus enabling the introduction of reporter constructs to
facilitate monitoring of cell proliferation during in vivo
cell-based BTE using bioluminescent imaging (BLI). BLI
is based on the detection of light emitted from luciferase
gene-marked cells and allows non-invasive visualization
of luciferase gene expression in living animals using a sen-
sitive charge-coupled device (CCD) camera for detection
of low quantities of photons (Wu et al., 2001; Honigman
et al., 2001; Rabinovich et al., 2008). By repeated imaging
of the same animal, localization and the level and duration
of luciferase transgene expression can be monitored in
real-time (Contag and Bachmann, 2002; Liu et al., 2010).
Previous studies have illustrated that BLI is a powerful
technique for non-invasive imaging of luciferase-marked
cells in oncological diseases (Paroo et al., 2004; Rozemul-
ler et al., 2008; Würdinger et al., 2008; Postnov et al.,
2009; Caretti et al., 2011) to study T cell dynamics (Hardy
et al., 2001; Na et al., 2010) and for studies in BTE (Blum
et al., 2003; de Boer et al., 2006; Degano et al., 2008;
Geuze et al., 2010). However, most of these studies in
BTE were performed with cell lines or with MSCs
from non-human mammalian species, only with endpoint
measurements and not tested in combination with differ-
ent types of calcium phosphate ceramics. Luciferase–GFP
gene marking enables the selection of labelled cells and
visualization of the physical interaction of MSCs with the
carrier material, since luciferase-labelled cells can be
detected post mortem in tissues of choice, including
explanted scaffolds, using immunohistochemistry (Geuze
et al., 2010).

In this study we report the first use of lentiviral labelling
of MSCs with luciferase–GFP marker genes in combination
with BLI to monitor the spatial distribution of goat as well
as human MSCs after seeding on two types of porous cal-
cium phosphate ceramics, differing in osteogenic potential,
to determine in vivo MSC survival and spatial distribution
and their contribution to in vivo bone formation.

2. Materials and methods

2.1. Cell culture

Human bonemarrowwas collected from the iliac crest after
we were given written informed consent and approval of
the procedure by the medical ethical committee of the insti-
tute (University Medical Centre Utrecht, The Netherlands).
Goat bone marrow was obtained from the iliac crest as
previously described (Geuze et al., 2009). All experiments
involving animals were performed after acquiring permis-
sion of the local ethical committee for animal experimenta-
tion, in compliance with the institutional guidelines on the
use of laboratory animals and according to the current
Dutch Animal Experimentation Act. Goat MSCs (gMSCs)
and human MSCs (hMSCs) were produced by culture,
expanding the plastic adhering cell fraction from the bone
marrow in tissue culture flasks after Ficoll density gradient
separation. Human cells were plated at a density of 250 000
nucleated cells/cm2 and cultured in hMSC proliferation
medium, which consists of minimal essential medium
(a-MEM, Life Technologies) supplemented with 100 U/ml
penicillin (Life Technologies), 10 mg/ml streptomycin
(Life Technologies) and 5% human platelet lysate, as
previously described (Prins et al., 2009). Goat bone
marrow cells were plated at 500 000 nucleated cells/cm2

in a-MEM (Life Technologies), 15% heat-inactivated
fetal bovine serum (FBS; Cambrex), 2mML-glutamine
(Life Technologies), 100 U/ml penicillin (Life Technologies)
and 10 mg/ml streptomycin (Life Technologies) as previ-
ously described (Geuze et al., 2010). All cells were
maintained in a humidified incubator at 37�C and 5%
CO2. The medium was refreshed twice a week and
cells were detached by trypsin treatment upon reaching
near-confluence and used for further subculture or
cryopreservation.

2.2. Lentiviral vector and virus production

The self-inactivating (SIN) lentiviral vector used in this
study was pRRL–cPPT–CMV–Luc2–IRESGFP–PRE–SIN,
which contains a codon-optimized luciferase 2 fragment
(Luc2) and GFP gene driven by the cytomegalovirus
(CMV) promoter, separated by an internal ribosomal
entry site (IRES). Generation of the vector and production
of viral particles was performed as previously described
(Geuze et al., 2010).

2.3. Transduction and sorting of MSCs

MSCs were thawed and plated in 175 cm2 Falcon filter-cap
culture flasks (Becton Dickinson, Franklin Lakes, NJ, USA)
and transduced when the MSC cultures reached approxi-
mately 50% confluence. Transductions were carried out
in the presence of 8 mg/ml hexadimethrine bromide
(polybrene; Sigma, Zwijndrencht, The Netherlands) and
1:10 diluted lentiviral supernatant (transduction medium).
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The viral titre of the HEK293T culture supernatant was 1
500 000 transducing U/ml. The multiplicity of infection
(MOI) used for the transduction of goat and human MSCs
was 1.5. After 24h, the transduction medium was replaced
with fresh proliferation medium. Upon reaching 90%
confluence, cells were harvested and GFP-positive cells
were purified by flow sorting, using a FACSAria (BD). After
sorting, 200 000 cells/construct were seeded directly onto
the scaffold materials, or in tissue culture flasks.

To determine luciferase activity during serial subculture
of the MSCs, cells were washed twice with phosphate-
buffered saline (PBS) and lysed in passive lysis buffer for
15min, insoluble cell debris was spun down and the super-
natant fraction was assayed for luciferase activity, using the
Dual-Luciferase Reporter Assay System (Promega, Leiden,
The Netherlands).

2.4. Scaffold materials

Hydroxyapatite (HA) ceramics were prepared from HA
powder (Merck, Germany), using the dual-phase mixing
method, and sintered at 1250�C for 8 h, as previously
described (Li et al., 2003). b-Tricalcium phosphate (TCP)
ceramics were prepared from TCP powder (Plasma Biotal,
UK) and fabricated using the H2O2 method, as previously
described (Yuan et al., 2002). Scaffold characteristics are
depicted in Figure 1. The synthesized 2–3mm scaffolds
were cleaned ultrasonically with acetone, 70% ethanol
and demineralized water, dried at 80�C and sterilized by
autoclaving.

2.5. Processing of cell-seeded scaffolds

To evaluate the in vitro growth of hMSCs and gMSCs upon
seeding onto the different ceramics, a DNA assay was
performed, as previously described (Fernandes et al., 2010).
Briefly, 200 000 cells were seeded onto three porous
ceramic scaffolds of approximately 2–3mm and cultured
in vitro for 7 days in the presence of osteogenic medium
(basic medium supplemented with 10-8M dexamethasone).
After 7days, cells on the scaffolds were lysed using a 0.1%
Triton X-100 solution in PBS and sonicated in order to
remove the cells from the interior of the ceramics. DNA
was quantified using the cyQuantGR dye (Molecular Probes,
Eugene, OR, USA) bymeasuring the fluorescence at 520nm.
To evaluate the spatial distribution of the cells in the
scaffolds, parallel-processed cell-seeded scaffolds were
grown in osteogenic medium for the indicated period,
after which they were washed and fixed in 0.14M cacodylic
acid buffer, pH 7.3, containing 1.5% glutaraldehyde. Subse-
quently, the samples were dehydrated in an ethanol series
and embedded in methyl methacrylate (MMA). Sections
were processed on a histological diamond saw (Leica
SP1600,Wetzlar, Germany) and stained with 1%methylene
blue (Sigma).

2.6. Ectopic in vivo bone formation

Sixteen immunodeficient RAG2-/-gc-/- Balb/c mice were
originally obtained from AMCAS BV (Amsterdam, The
Netherlands). The mice were bred and housed in the
specific pathogen-free breeding unit of the Central Animal

Figure 1. Characteristics of calcium phosphate ceramics. (A) SEM images depicting the microstructure of HA and TCP. (B) Chemistry,
sintering temeprature (�C), sintering time (h), microporosity (%) and calcium release profile (ppm) of HA and TCP: ppm, parts per
million; *volume percentage of micropores>10mm within the calcium phosphate ceramic. Scale bars=5mm
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Facility of the University of Utrecht. Sixteen RAG2-/-gc-/--

Balb/c male mice, 9weeks old, were used. The animals
were maintained in filter-top cages and supplied with
autoclaved sterilized food pellets and H2O ad libitum. The
surgical procedurewas performed under general anaesthesia,
using an intramuscular injection of 0.05ml from a mixture of
anaesthetics (KXA; ketamine 100mg/ml, xylazine 20mg/ml
and atropine 0.5mg/ml, in a 7:6:1 ratio). After shaving,
the surgical sites (on the backs of the mice) were cleaned
with ethanol, subcutaneous pockets were made and hybrid
constructs, consisting of three calcium phosphate ceramic
scaffolds seeded with cells, were implanted in separate
pockets. For each experimental group, eight separate con-
structs were implanted in eight individual mice (Table 1).
Separate mice were used for goat and human samples.
The incisions were closed using a vicryl 5-0 suture. After
surgery the animals were treatedwith a subcutaneous injec-
tion of buprenorphine (Temgesic 0.05mg/kg body weight;
Schering-Plough, Utrecht, The Netherlands) to relieve pain.

For evaluation of in vivo bone formation, anaesthetized
mice (n=6) were sacrificed after 6weeks, using cervical
dislocation, and the samples were retrieved from the
mice, fixed in 4% paraformaldehyde, dehydrated in an
ethanol series, embedded in MMA and sectioned for histo-
morphometry. The sections were stained with 0.3% basic
fuchsin (Klinipath, Duiven, The Netherlands) and 1%
methylene blue solution (Merck, Darmstadt, Germany)
for routine histology and histomorphometry to analyse
bone formation. Approximately 10 mm-thick sections were
processed on a histological diamond saw (Leica SP1600).
At least three non-consecutive sections per experimental
condition were imaged and the percentage of bone per
scaffold area was calculated using KS400 software v 3
(Zeiss, Hamburg, Germany), as previously described
(Teixeira et al., 2010).

2.7. In vivo bioluminescent imaging

For real-time monitoring of the luciferase-labelled cells, the
mice received an intramuscular injection of 0.05ml KXA.
Subsequently, the mice were injected intraperitoneally with
2.5mg D-luciferin (Synchem OHG, Kassel, Germany) in
100ml PBS, 5min prior to monitoring light emission. In vivo
optical imaging for luciferase was performed by collecting
the photons emitted from luciferase-expressing cells and
integrated for a period of 10min, using the Φ-Imager
(Biospace Lab, Paris, France) to generate a bioluminescence
image, which was overlaid with a visible light image to
determine the positions of the scaffolds. M3Vision Software
was used to quantify the amount of emitted photons per

second and per area (average surface radiance=photons/
s/cm2/sr), by drawing a region of interest (ROI) across
the scaffold, with background subtraction of the read-out
from an area of equal size. The mice were imaged for the
first time on day 2 and subsequently weekly for 6weeks.

2.8. Histological processing and identification
of implanted MSCs

On days 14 and 42, one mouse from each experimental
group was sacrificed for immunohistochemistry (Table 1).
After retrieval of the scaffolds and fixation in 4% parafor-
maldehyde for 24h at room temperature, the HA scaffolds
were decalcified in 4% formic acid for 6h, and the TCP
scaffolds for 3 days in 12.5% w/v EDTA in distilled water.
The decalcified scaffolds were dehydrated in an ethanol
series, embedded in paraffin wax and 5mm sections were
prepared. Sections were stained with routine histology
haematoxylin and eosin (H&E) staining and stained for
luciferase-positive cells as previously described (Geuze et al.,
2010). Briefly, luciferase-transduced cells were identified
using a rabbit anti-luciferase antibody (CR 2029 RAP, Cortex
Biochem, San Leandro, CA, USA), 1:100 (0.5mg/ml IgG) in
PBS/5% bovine serum albumin (BSA; Roche, Woerden,
The Netherlands). As an isotype control, rabbit IgG
(0.5mg/ml, X0903; Dako, Glostrup, Denmark) was used.
Sections were pretreated with 1.5% H2O2 and incubated
with the antibodies overnight at 4 �C. Finally, the samples
were incubated with goat anti-rabbit horseradish peroxidase
(P0448, Dako) at 2.0mg/ml in PBS/5%BSA for 60min at
room temperature, and detected using 3,30-diaminobenzidine
(DAB) staining. Counterstaining was performed with
Mayer’s haematoxylin.

2.9. Statistical analysis

For each experiment, data are presented as mean
standard deviation (SD), unless otherwise indicated.
Correlations between the calculated cumulative cell
number production and BLI signals during the experiment
were assessed by Spearman’s rank correlation coefficient,
using GraphPad Prism 4 statistical analysis software. DNA
read-out data and data on bone formation for the different
groups were analysed by one-way analysis of variance
(ANOVA) and Tukey’s multiple comparison test correction,
using Graphpad Prism 4 software. The outcome of a
comparative test was considered statistically significant
when p< 0.01.

Table 1. Experimental groups

Experimental group Scaffold
Number of

MSCs/implant Luciferase transduced
BLI (days 2, 7, 14, 21, 28, 35, 42)

% in vivo bone (day 42)
HE and a-Luc

(day 14)
HE and a-Luc

(day 42)

TCP TCP 200 000 No n=6 n=1 n=1
TCP–Luc TCP 200 000 Yes n=6 n=1 n=1
HA–Luc HA 200 000 Yes n=6 n=1 n=1
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3. Results

3.1. Preparation and characterization of
luciferase-marked MSCs

Transduction of goat and human MSCs with a MOI of 1.5
resulted in a transduction efficiency of approximately 50%
for both cell types, on the basis of GFP expression measured
by flow cytometry. The subpopulation of GFP-positive cells
was purified using a FACSAria cell sorter. Analysis of the
sorted fraction for GFP indicated> 95% purity (data not
shown). During an in vitro culture period of 7weeks, we
analysed cell proliferation and the level of GFP, as well as
luciferase expression at each passage. For goat as well as
for human, > 90% of the gene-marked MSCs expressed
GFP throughout the 7weeks of in vitro culture and the lumi-
nescence signal per cell remained constant. Using these
parameters, we calculated the cumulative cell numbers
and the cumulative luciferase activity. A correlation
between growth and the BLI signal was observed for MSCs
from both species (p< 0.001), indicating that the BLI signal
correlates with the number of cells and that the luciferase
activity/cell is not decreased during prolonged cell cycling
(Figure 2). We observed only a minimal difference in the

mean BLI signal/cell between goat and human MSCs
(42 300�14 600 vs 27 300� 5 021, respectively).

3.2. Expansion and distribution of seeded MSCs
on scaffolds

To determine the in vitro expansion of the cells after seeding
200 000 MSCs on HA and TCP, the amount of DNA was
measured after 1 and 7days of in vitro culture. For gMSCs,
no significant differences were found in the amount of DNA
extracted from TCP and HA for non-transduced or trans-
duced cells after 1 and after 7 days of culture, respectively
(Figure 3A). This indicates that the cell number 1day after
seeding and the subsequent cell expansion were compara-
ble for gMSCs seeded on TCP and HA prior to implantation.
Also, for hMSCs no significant differences were observed on
day 1, indicating that the cell numbers were similar for all
groups. However, at day 7, significantly lower amounts of
DNA were found in the HA–Luc group compared to TCP
loadedwith untransduced or transducedMSCs (Figure 3B).
This indicates that hMSCs expansion on HA is substantially
lower than onTCP,which results in differences in cell content
on the scaffolds on the day of implantation (at day 7).
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Figure 2. Stability of luciferase expression during prolonged in vitro
culture. Luciferase–GFP-positive cells, purified by flow sorting, were
cultured for 7weeks in vitro. During serial subculture of the MSCs,
the cells were counted and the luciferase signal was determined in
triplicate. Data are presented asmean�SD. Cumulative cell numbers
(right y axis) and the cumulative luciferase signal (left y axis) were
calculated and plotted against time. Correlation was observed
between the growth and the luciferase signal of luciferase-positive
goat MSCs (A) as well as human MSCs (B) over time (p<0.001)
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Figure 3. DNA assay. As a measure of cell content, the amount
of DNA (ng/ml) extracted from MSC-seeded scaffolds was deter-
mined at day 1 (grey bars) and day 7 (black bars) after seeding
200 000 non-transduced and luciferase-positive goat (A) and
human (B) MSCs onto HA and TCP. Data are presented as mean
SD.Differences between the amount ofDNA/scaffold for thedifferent
groups were analysed by one-way ANOVA and Tukey’s multiple
comparison test and considered to be significant when p<0.01;
these are marked *
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Therefore, we studied the spatial distribution of the
seeded cells in the scaffolds prior to implantation. MSCs
of each group and both species were loaded on HA and
TCP, cultured for 14 days in vitro, embedded in MMA
and analysed. The spatial organization of the MSCs on
TCP was strikingly different from that on HA, irrespective
of the species. In contrast to the orderly structured layer
of interconnected cells lining the surface of the pores in
TCP, the MSCs were more randomly distributed through-
out the pore available space in HA (Figure 4).

3.3. In vivo bone formation

A most relevant parameter in this study was the amount
of newly formed bone six weeks after implantation. Rep-
resentative images of a stained section for each of the
groups are shown in Figure 5. Bone formation was similar

for transduced and non-transduced gMSCs on TCP
(12.7�4.4% vs 13.3� 4.6%) (Figure 6A). This indicates
that the viral transduction did not affect the in vivo
bone-forming capacity of the goat MSCs. In contrast, bone
formation by transduced hMSCs was significantly lower
compared to non-transduced hMSCs (2.9�1.8% vs
13.0� 6.2%) (Figure 6B). Apparently, the lentiviral trans-
duction procedure followed by flow sorting has an effect
on the bone-forming capacity of the hMSCs, but neverthe-
less substantial amounts of bone were produced. Bone
formation by transduced gMSCs was significantly lower
on HA than on TCP (5.7�2.4% vs 12.7�4.4%); trans-
duced hMSCs formed low amounts of bone on TCP, but
bone formation was totally absent on HA (2.9�1.8% vs
0%) (Figure 6A, B). This indicates, for both species, that
luciferase-marked MSCs retain their in vivo bone-forming
capacity, and that the osteoinductive properties of TCP
are superior to those of HA.

Figure 4. In vitro localization and distribution of the cells on scaffolds. Localization and distribution of the seeded cells prior to implan-
tation were evaluated by culturing non-transduced (upper row) and luciferase-marked (middle and lower rows) goat MSCs (left column)
and human MSCs (right column) for 14days in vitro on TCP and HA, embedded in methyl methacrylate and stained with 1% methylene
blue. Arrows, locations of sheets of connected cells; on TCP these are attached to the surface of the scaffold material (black), and on
HA primarily in the pores of the scaffold. Scale bars=100mm
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3.4. In vivo bioluminescent imaging of the
luciferase-marked MSCs

The in vivo BLI monitoring of transduced gMSCs showed an
increase of the luciferase signal from the start (day 2) until
day 7 for both HA–Luc and TCP–Luc, indicating cell prolifer-
ation in vivo after implantation (Figure 7A). On day 7 the
increase was nearly a factor of 2 for both groups, i.e. from
35 712�7 476 to 86 912� 25 491 photons/s/cm2/sr for
the HA–Luc group and from 94 739� 25 809 to 168
380� 21 652 photons/s/cm2/sr for the TCP–Luc group,
which implies that early after implantation gMSCs prolifer-
ate equally well on TCP and HA (Figure 7A).The higher
BLI readout values for the TCP group are also reflected in
the superior bone formation on day 42 (Figure 6A). For
hMSCs we observed a constant decrease of the luciferase
signal in time for both groups (Figure 7B), meaning that
after in vivo implantation transduced hMSCs did not prolif-
erate further. The same proportional decline was observed
for both groups. Similar to what was observed for gMSCs,
the luciferase signal was much lower on HA (three-fold)
than on TCP (2 218� 489 vs 6 591�2 873 photons/s/
cm2/sr) (Figure 7B). This indicates that hMSCs were more
structured bound toTCP than toHA (Figures 3B, 4), thereby
explaining the superior bone formation of hMSCs onTCP vs
HA (Figure 6B). The much lower initial readout in BLI

signal for the HA group is in agreement with the earlier
observation of a lower degree of MSCs attachment to HA
than to TCP.

3.5. Identification of luciferase-marked MSCs
after implantation

To verify the involvement of the luciferase-labelled cells
in the process of bone formation, paraffin sections from
scaffolds that were retrieved at days 14 and 42were stained
with H&E and adjacent sections were processedwith immu-
nohistochemistry to detect the presence of luciferase-
positive cells (LPCs), using an anti-luciferase antibody. At
day 14, LPCs were detected for both species in HA- as well
as in TCP-based scaffolds (Figure 8A, B). For gMSCs bone
formation was detected in all test groups, controls, HA
and TCP. Luciferase-positive osteocytes as well as luciferase-
positive osteoblasts were found at the luminal surfaces,
implying that the onset of bone formation in the hybrid
scaffolds started before day 14, and also that the seeded
cells were indisputably responsible for the observed bone
formation. In HA samples bone formation was minimal
and, typically, only at locations where LPCs were in contact
with the scaffoldmaterial. For hMSCs the frequency of LPCs
at day 42 was very low in both HA–Luc and TCP–Luc

Figure 5. In vivo bone formation, which was tested in an ectopic model in immune-deficient mice. Images of representative histological
sections of methylmethacrylate-embedded sections stained with 1% methylene blue and 0.3% basic fuchsin are depicted. Scaffold
material is shown in grey/black (S), newly formed bone is basic fuchsin-stained pink (white arrows). Bone formation by non-transduced
MSCs on TCP and luciferase-transduced MSCs on TCP and HA are shown from top to bottom, respectively (left column, goat MSCs; right
column, human MSCs). Samples shown are from 42days. Scale bars=1mm
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samples, but bone formation was only observed in TCP
samples. These observations are in line with the analysis
of the spatial distribution of the MSCs in the HA and TCP
scaffolds, respectively, measured with methylene blue
staining of the MMA-processed slides. In general, stromal
cells were attached and lining the surfaces of the pores in
TCP scaffolds but, in contrast, randomly distributed in
the HA scaffolds (Figure 4). In control samples, in which
non-transduced MSCs were seeded on the scaffolds, no
LPCs were found in any of the sections after staining with
the anti-luciferase antibody.

4. Discussion

In the present study we have used a combination of histol-
ogy, histomorphometry, immunohistochemistry and in vitro
and in vivo bioluminescence imaging to elucidate the spatial
distribution, survival and expansion of cultured goat and
human MSCs, after seeding on HA– or TCP–calcium phos-
phate ceramic scaffolds. We also determined the ensuing

in vivo bone formation. Our data show that the spatial distri-
bution of MSCs in the scaffold material correlate with the
amount of bone that is being formed. The first indication
came from the observation that the BLI signal from the lucif-
erase-marked MSCs on day 2 was lower on HA for both
species, suggesting a difference in outgrowth prior to implan-
tation of the hybrid scaffolds. The observed initial lower BLI
values on HA in comparisonwith TCP persisted until the end
of the experiment. Whereas the gMSCs BLI curves showed a
doubling of signal after 1week, declining to 60% of input
after 3weeks and remaining constant until week 6, hMSCs
showed a constant decrease of BLI signal to 25% of input.
These observations were irrespective of the ceramics used
and showed that after implantation there was no extensive
proliferation of the seeded hMSCs. Loss of luciferase expres-
sion was an unlikely explanation, because prolonged in vitro
cell culture showed that luciferase expressionwas unaffected.

The in vivo bone formation of gMSCs on TCP was two-
fold higher than on HA and unaffected by gene marking;
hMSCs and gMSCs on TCP produced equal amounts of
bone, but hMSCs did not produce bone on HA. Transduced
hMSCs on TCP, however, showed a four-fold reduced bone
formation. Important factors that influence bone formation
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Figure 6. Quantification of in vivo bone formation. The average
percentage of bone/scaffold area at day 42 is shown for non-
transduced MSCs on TCP and luciferase-transduced MSCs on
TCP and HA (bars from left to right) for goat MSCs (A) and
human MSCs (B). Data are presented as mean�SD. Differences
between bone formation for the different groups were analysed
by one-way ANOVA and Tukey’s multiple comparison test and
were considered significant when p<0.01; these are marked *
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Figure 7. In vivo bioluminescence imaging of luciferase-positive
cells. Bioluminescence imaging in vivo of luciferase-positive cells
was performed by collecting the photons emitted from lucifer-
ase-expressing cells, using the Photon Imager and M3Vision Soft-
ware. Emitted light was quantified by drawing a region of
interest (ROI) and measuring light emission as photons/s/cm2/
sr with with background values subtracted. Mice were imaged
for the first time at day 2 and subsequently weekly for 6weeks.
Data are shown as average� standard error of the mean
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are the number, quality and proliferation history of the cells.
Previous reports on gMSCs showed that viable cells are
required (Kruyt et al., 2003), that seeding of cells at higher
densities and with higher proliferative capacity leads to an
increase in BLI signal (Olivo et al., 2008; Geuze et al.,
2010) and that preculture is an advantage for cell-based
bone tissue engineering (Kruyt et al., 2006). In the present
study, we used the same number of viable cells as were used
by Kruyt et al. (2006) and precultured the cells before
implantation (Kruyt et al., 2006). Despite the fact that the

transduced hMSCs yielded a lower percentage of bone on
TCP when compared to the non-transduced hMSCs, the
presence of LPC in the newly formed bone demonstrates
thatMSCs seeded on the scaffolds contribute to in vivo bone
formation. An additional factor that has only recently been
recognized as a relevant issuemay be found in the heteroge-
neity within MSC cultures (Dominici et al., 2009; Sarugaser
et al., 2009; Russell et al., 2010; Phinney, 2012), leading to
differences in multipotency as well as in in vivo bone-forming
capacity (Kuznetsov et al., 1997; Siddappa et al., 2007; Prins

Figure 8. Immunohistochemical localization of luciferase-marked cells in scaffolds after implantation. Implanted scaffolds seeded
with goat MSCs (A) or human MSCs (B) were retrieved from the mice on day 14 (columns 1, 2) and day 42 (columns 3, 4), embedded
in paraffin and processed for routine histology (H&E) staining (columns 1, 3). To identify implanted goat MSCs (A) and human MSCs
(B) ex vivo after implantation, adjacent sections were analysed with anti-luciferase antibodies (a-Luc) to detect luciferase-positive
cells (LPCs; columns 2, 4). Scaffold material is grey (S); newly formed bone stains pink with eosin (B). The bone lining the scaffold
contains embedded osteocytes and a osteoblastic layer (Ob) is present on the luminal surfaces. Connective tissue (Ct) was present
inside the lumen and between and around the scaffolds. Scale bars=50mm
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et al., 2009). The lentiviral transduction and selection of
GFP-positive MSCs could have resulted in the selection
of a population of cells with less osteogenic potential.
Osteoprogenitor cells were reported to be more slowly
replicating, large cuboidal or flattened cells (Digirolamo
et al., 1999; Colter et al., 2000, 2001; Sekiya et al., 2002;
Smith et al., 2004), which could make them less susceptible
to viral transduction than smaller, rapidly proliferating cells.
Human MSCs exhibit morphological changes and loss of in
vivo osteogenic potential during passage (Siddappa et al.,
2007; Agata et al., 2010), whereas gMSCs consist of a more
homogeneous population and showed fewer morphological
changes and less loss of in vivo bone-forming potential during
passage than hMSCs (unpublished results). Clonal analyses
of hMSCs revealed differences between individual clones
and their in vivo bone-forming capacity (Kuznetsov et al.,
1997; Lee et al., 2010). These observations indicate that
substantial differences may exist in cellular composition of
culture-expanded MSC populations, which could explain
different cellular behaviours between gMSCs and hMSCs.

Key components for successful cell-based bone tissue
engineering are the presence of a carrier material as well
as osteogenic cells, and this highly depends on multiple
interaction parameters, of which one is the osteoinductivity
of the calcium phosphate ceramic used. Different ceramic
materials provide different cues to pre-osteogenic cells
(Yuan et al., 2010). The calcium-enriched environment
provided by porous TCP appeared to have a superior
osteoinductive potential compared to HA. Therefore we
selected these two extremes for this study. This study reveals
that adherence and spatial distribution of adherent cells to
the calcium phosphate ceramic are critical parameters in
cell–scaffold BTE. Bone formation by gMSCs was unaffected
by gene marking and cell numbers were equal before
implantation. The amount of DNA recovered from the
hybrid scaffold does not, however, give information on
the binding of the MSCs to the scaffold surface and
spatial distribution of the MSCs in the scaffold. Within the
scaffold cells are exposed to different stimuli, depending
on where they are: some cells can be found in close contact
with the material surface, whereas others are in the pore
and therefore not in direct contact with thematerial. There-
fore, in addition to the heterogeneity of the cell population,
the heterogeneity of the scaffold will decisively contribute
to the observed phenotype.

To study whether physical interaction between the cells
and the scaffolds can indeed occur, histological analysis
gives a much better indication. We typically observed a
more structured interconnected layer of cells lining the
surfaces of the pores inTCP samples, whereas the cells were
more randomly distributed throughout the pore available
space in HA before implantation as well as 2 and 6weeks
post-implantation. That contact with thematerial is essential
was further substantiated by the fact that in HA scaffolds
only bone deposition was observed in those small areas
where LPCs were in contact with the ceramic material.

We only studied ectopic implantation sites to rule out
osteoconduction or periosteal bone formation by cells
from the surrounding tissues, as these could act as

disturbing mechanisms in our experimental conditions.
The subcutaneously placed constructs also reduced atten-
uation of the light emission through the tissues of the
animal when compared with deep tissue orthotopic loca-
tions (Paroo et al., 2004; Geuze et al., 2010).

For the experiments described here, we used lentivirally-
transduced, luciferase–GFP-marked cells that were purified
to almost homogeneity. Therefore, the presence of luciferase-
positive cells within and on the new layer of bone is indica-
tive that it was indeed the seeded MSCs that contributed to
the initiation and they also participated in new bone forma-
tion by differentiating towards osteoblasts and osteocytes.
Goat luciferase-positive cells within the newly formed bone
were already observed in samples at day 14, indicating that
bone formation by the implanted cells started before week
2. In addition, day 14 is the first time point demonstrating
a decrease in BLI signal. It is likely that at this time point
the total scaffold surface is covered with a layer of stromal
cells, leading to a slow-down or even a decrease in prolifer-
ation of the cells, and may indicate the onset of differentia-
tion towards bone-forming stromal cells. Olivo et al. (2008)
reported an increase of BLI signal during 7weeks. However,
in that study the hybrid scaffolds were implanted 20h after
seeding, leaving ample space for the luciferase-transduced
cells to further expand in vivo. The moderate increase in
BLI signal in vivo for the gMSCs in our study can be
explained by the longer in vitro incubation of the gMSCs
on the scaffolds pre-implantation (7days vs 20h), resulting
in a confluent layer of gMSCs covering the scaffold and, as
such, obviating a long expansion period in vivo after implan-
tation. In contrast to gMSCs, pre-incubation in vitro of the
hMSCs prior to implantation to allow cell differentiation
and extracellular matrix formation is, however, necessary
for new bone formation in vivo by hMSCs (Siddappa et al.,
2008; Song et al., 2009). Whether the development from
proliferating osteoblastic cells towards in vivo osteocytes
and the concurrent changes inmetabolic activities and gene
expression influences the expression of luciferase expression
is still unclear. Metabolic differences between MSCs from
distinct species can also account for the observed outcome.
How efficiently MSCs use energy sources such as glucose
and glutamine, and how they cope with the waste products,
can affect they phenotype as well as survival (Schop et al.,
2009). Although not analysed in this study, we feel that
early events upon implantation of constructs in vivo can
affect cell viability and subsequent proliferation potential.
Therefore, cell-seeding efficiency and BLI measurements in
the first hours and days can bring valuable information
and should be performed in future experiments.

In summary, the present study with luciferase gene-
marked MSCs has provided new insights into the initial
events in in vivo bone formation in hybrid scaffolds, in the
kinetics of MSC survival and evidence that the seeded cells
are involved in in vivo bone production on hybrid scaffolds.
On TCP, bone formation by the seeded MSCs was superior
to that on HA. To profit from the increased osteoinductive
potential that is provided by the calcium-enriched environ-
ment of porous TCP, close contact of the osteogenic cells
during in vitro pre-incubation, as well as in vivo, is essential.
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Our data show that the spatial distribution of MSCs
on their scaffold is critical for the outcome of cell–
scaffold-based therapies.
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