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CHU de Nantes, laboratoire d’hématologie, Nantes, 44042, France
f
CHU de Nantes, clinique de stomatologie et chirurgie maxillo-faciale, Nantes, 44042, France
b

A R T I C L E I N F O

A B S T R A C T

Article history:
Received 21 September 2018
Accepted 3 January 2019

Background: In craniofacial reconstruction, the gold standard procedure for bone regeneration is the
autologous bone graft (BG). However, this procedure requiring bone harvesting is a source of morbidity.
Bone substitutes, such as biphasic calcium phosphate (BCP), represent an interesting alternative but are
not sufﬁcient for bone healing in hypoplastic conditions. In such conditions, osteoprogenitors are
essential to provide osteoinduction. Previous studies have shown that BCP associated with total bone
marrow (TBM) provides same bone reconstruction as bone graft in a rat model of calvaria defect.
Furthermore, adipose tissue stromal vascular fraction (SVF) seems to be another promising source of
osteoprogenitor cells that can be used intra-operatively. This study aimed to combine, intra-operative
BCP-based bone tissue engineering strategies with TBM or SVF from human sources.
Methods: 5 mm critical-size calvaria defects were performed in 18 nude rat. The defects were ﬁlled with
intra-operative bone tissue engineering procedures: human BG, human TBM + BCP, human SVF + BCP
and, rat TBM + BCP. Animals were sacriﬁced 8 weeks after implantation and calvaria were processed for
histological and radiological examinations. Implanted cells were labelled with a ﬂuorochrome.
Results: Micro-CT analysis revealed partial repair of bone defect. Only hBG signiﬁcantly succeeded in
healing the defect (43.1%). However, low rate of newly formed bone tissue was observed in all tissue
engineering conditions (hTBM, hSVF, ratTBM).
Discussion: The lack of bone formation observed in this study could possibly be attributed to the model.
Conclusion: This study combined with a literature analysis show the stringency of the nude rat calvaria
model in term of bone regeneration.
C 2019 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Malformations such as facial syndromes, tumors, and facial
trauma are clinical situations which may require bone tissue repair
at some time in their care. Autologous bone grafting (BG) is
considered as the reference procedure [1,2]. However, autologous
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bone grafting requires bone harvesting which is still a source of
morbidity such as pain or scarring.
For several years, researchers and clinicians have been trying to
ﬁnd an alternative solution to bone grafting with less morbidity.
Bone substitutes represent an interesting alternative to autologous
bone grafting, mainly in implantology [3] and orthopedic surgery
[4]. Among bone substitutes, Biphasic Calcium Phosphate (BCP)
has been of particular interest due to its chemical composition and
mechanical properties [5,6].
Indeed, BCP are formed with a balance between a stable phase
of Hydroxyapatite (HA) and a more soluble phase of Tricalcium
phosphate (TCP). The chosen balance between HA and TCP
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inﬂuence the release rate of calcium and phosphate ions then
inﬂuencing bone remodeling.
The results of the implantation of those biomaterials are
generally excellent when the recipient site offers good healing
conditions [7] which include a small size bone defect, a large blood
supply, a rich marrow environment, and adequate skin or mucosa
coverage. In contrast, a poorly vascularized recipient site, scarring,
hypoplastic or irradiated tissue, will signiﬁcantly increase the risk
of failure [8].
In situations with less than ideal conditions, the osteoconductive
properties of BCP are not sufﬁcient to allow a complete healing of the
defects. It is thus essential to combine osteoprogenitor cells or
osteoinductive molecules with the biomaterial to increase its healing
capacity. Mesenchymal Stem Cells (MSC), isolated from several tissues
including bone marrow and adipose tissue, have repeatedly shown
their interest in bone tissue engineering [9–14]. Among MSC based
strategies, seeding the surface of the biomaterial with pre-committed
MSCs [15,16] followed by a three-dimensional culture, has shown
interesting results both in animal and human models. Nevertheless,
this method is complex, has a signiﬁcant cost, and raises the risk of
possible infection during the in vitro ampliﬁcation. In light of these
data, and considering the clinical need to substantially simplify
potential procedures (i.e., remove in vitro culture steps), researchers
aimed to develop strategies based on an intra-operative combination
of BCP and osteoprogenitors. In a recent study, we have shown that
the extemporaneous combination of total fresh rat bone marrow (rat
TBM) and BCP yielded results comparable to those obtained with
complex MSC based strategies in rat calvaria defects [17].
However, the clinical relevance of those results must be
validated with cells of human origins considering the interspecies
differences can inﬂuence bone regeneration. It is therefore
essential to investigate further the potential of human bone
marrow cells in a model allowing the use of xenogeneic cells and
compare them to the previous strategy which has never been done.
Thus, we performed for the ﬁrst time the pre-clinical evaluation of
human TBM in an immunotolerant animal model.
Adipose tissue is another source of osteoprogenitor cells. Like
TBM, adipose tissue can be harvested through a simple puncture
and can be used extemporaneously, reducing strain on the patient
and the surgeon. Numerous studies [18–20] have been conducted
on the osteogenic potential of the adipose tissue Stromal Vascular
Fraction (SVF), but only few have included BCP in association
[21,22]. Despite several studies comparing MSC isolated from
those two tissues to date, there is no data on the comparison of SVF
and TBM in terms of intra-operative bone regeneration potential.
In order to identify whether intra-operative tissue engineering
strategies could be a real alternative to the clinical gold standard,
for the ﬁrst time, this study compared the association of BCP and
TBM or SVF from human origin with human bone graft. Those
strategies were compared to previously described rat TBM based
strategy in a maxillofacial defect of nude rat calvaria.
We hypothesize that the human TBM will give similar results to
rat TBM in the previous studies [15,17] and that human SVF cells
can achieve at least equivalent bone regeneration than TBM.

Animal study was performed in accordance with European
Directive 86/609/CEE for conducting animal experiments, animal
care was provided by the Department of Experimental Therapeutics Unit in the University Hospital of Nantes, France. The Ethics
Committee of the Nantes University Hospital reviewed and
approved the study design (CEEA 2012-250).
2.2. Ceramic particles
Biphasic calcium phosphate particles made of hydroxyapatite
(20%) and beta-tri-calcium phosphate (80%) with a size range of
500–1000 mm (MBCP+TM) were provided by Biomatlante (Vigneux
de Bretagne, France). Eppendorf tubes (Corning, New York, USA)
each containing 0.015 g of granules were double packaged and
steam sterilized at 121 8C for 20 min before implantation. This
granulometry was chosen due to its current use in human clinical
practice.
2.3. Animals
The study was performed on eight-week old female nude rats
(n = 18), provided by a certiﬁed breeding center (Charles River,
l’Arbresle, France). The animals were acclimatized for one week to
the conditions of the local vivarium which was maintained at 24 8C
and given a 12 h/12 h light dark cycle. Two female Lewis 1-A rats
aged of 7 weeks from the same center were specially designed as
rat TBM and Bone Marrow-MSCs (BM-MSC) donors.

3. Total bone marrow and bone graft harvesting
3.1. Rat total bone marrow
Two Lewis-1-A rats were anesthetized using inhaled isoﬂurane
(Foren; Abott, Rungis, France) and sacriﬁced via intracardiac
overdose of sodium thiopental (Nesdonal; Rhône-Merieux, Lyon,
France). Rat TBM was isolated from femurs and tibias for
extemporaneous grafting and rat BM-MSC isolation. Brieﬂy, the
ends of each bone were cut, and 1 mL of rat TBM, mixed with
saline, was obtained through an intramedullary bone ﬂush
procedure performed with a 26-gauge needle and alpha modiﬁed
Eagle’s medium (a-MEM) (Gibco-Invitrogen Corporation, SaintAubin, France). After pooling, half of the rat TBM was used for rat
BM-MSC isolation and culture; the other half was seeded on BCP
granules 30 minutes before implantation.
3.2. Human total bone marrow and bone graft
Human TBM and BG used in this study came from surgical
waste following iliac bone grafting in a 20 years old aged male
patient presenting with cleft lip and palate sequel. Collection and
implantation of the hTBM and hBG were performed the same day.
A part of the hTBM was used for the isolation of hBM-MSCs.
Cytology and myelography were performed on this bone marrow.
3.3. Bone marrow mesenchymal stem cells

2. Materials and methods
2.1. Ethics statement
All human’s tissues (bone marrow and adipose tissue) were
retrieved according to French National Ethics Committee (DC2011-1399) and according to Nantes Hospital’s biological tissue
management protocol (STVO-20141204) after patients gave their
informed agreement according to the principles expressed in the
Declaration of Helsinki.

A portion of the harvested bone marrow from rat and human
sources was ﬁltered through a 70 mm nylon mesh ﬁlter. The TBM
was then seeded in tissue cultured treated polystyrene ﬂasks
(Corning, Schiphol-Rijk, Netherlands), and BM-MSCs were isolated
based on their adherence capacity after 24 h. Cells were then
cultured in proliferative medium (PM1). Cells were seeded at each
passage at 5.103 cells/cm2. The proliferative medium PM1 was
composed of a-MEM supplemented with 2 mM L-Glutamine,
100 U/mL Penicillin/streptomycin and 10% Fetal Bovine Serum
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(FBS). BM-MSCs were subsequently incubated at 37 8C in a
humidiﬁed atmosphere with 5% CO2 and 95% air. Medium was
renewed twice a week until the cells were 80–90% conﬂuent. Cells
were then harvested enzymatically from the plastic by an
incubation of 4 minutes at 37 8C with 0.25% trypsin Ethylenediaminetetraacetic acid mixture (Invitrogen Corporation, Saint-Aubin,
France) and counted using a Malassez hemocytometer and trypan
blue exclusion dye. All cells were characterized at the 3rd passage.

MSCs were washed with cold phosphate buffered saline (PBS)
followed by staining with 2% Alizarin Red S solution for 2 minutes.
Stained cells were then extensively washed with deionized water
to remove any nonspeciﬁc precipitates. Stained layers were
visualized with phase contrast microscopy using an inverted
microscope (Nikon Eclipse TE 2000 E, Badhoevedorp, Netherlands).
Positive red staining indicated the deposition of a calciﬁed matrix
on the differentiated cells.

3.4. Human stromal vascular fraction

4. Surgical procedure

Adipose tissue used in this study came from surgical waste
following a liposuction procedure.
Human SVF cells were isolated by collagenase digestion of
lipoaspirate obtained from a patient undergoing liposuction as
previously described [23]. Brieﬂy, lipoaspirates were digested for
1 h at 37 8C with collagenase (NB4; Serva, Heidelberg, Germany).
Digested tissue was then centrifuged at 900 g for 4 min, and the
cell pellet (stromal vascular fraction) was washed three times with
Ringer Lactate (B Braun Medical), and ﬁltered through a 100 mm
Steriﬂip ﬁlter (Millipore, Molsheim, France). After centrifugation,
cells were resuspended in a saline solution (Ringer Lactate). Cell
number and viability were assessed by cell counting and Trypan
blue dye exclusion (Trypan solution 0.02%; Sigma-Aldrich, SaintQuentin Fallavier, France). Cells where then suspended in
Dulbecco’s Modiﬁed Eagle’s medium (DMEM, Gibco-Invitrogen
Corporation, Saint-Aubin, France) supplemented with 10% Fetal
Bovine Serum (FBS) (PAN-Biotech GmbH, Aidenbach, Germany)
and 1% antibiotic (Penicillin/Streptomycin, Life Technologies) and
seeded on BCP granules at 18  106 cells/cm3 corresponding to
3  105 cells/mg of BCP.
To characterize the human SVF (hSVF), a portion of cells was
isolated after 24 h of plastic adherence. The non-adhered cells
were removed leaving only the attached cells from the hSVF. This
population contained adipose derived human stem cells (hASCs).
These cells were ampliﬁed until the third passage in proliferative
medium (PM2). For hASCs, the PM2 was made of DMEM medium,
100 U/mL Penicillin/streptomycin and 10% FBS (PAN-Biotech
GmbH, Aidenbach, Germany).

4.1. Anesthesia and euthanasia protocols

3.5. Cell characterization
To demonstrate the in vitro osteogenic differentiation of MSCs
from human adipose tissue and human and murine bone marrow,
cells were seeded, at 3rd passage, at a density of 1  104 cells/cm2
and grown in the presence of either proliferative medium (PM) or
osteogenic medium (OM) for 28 days. OM was composed of PM
supplemented with 10 mM b-glycerophosphate (Calbiochem,
Darnstadt, Germany), 0.2 mM sodium L-ascorbate (Sigma-Aldrich,
Saint-Quentin Fallavier, France) and 0.1 mM dexamethasone
(Sigma-Aldrich, Saint-Quentin Fallavier, France). Cells were
incubated at 37 8C in a humidiﬁed atmosphere of 5% CO2 and
95% air, and media were changed every 2–3 days [15].
Calcium deposition was detected after 28 days by Alizarin Red S
staining (Sigma-Aldrich, Saint-Quentin Fallavier, France). Brieﬂy,

All surgical procedures were performed under general anesthesia using 4% isoﬂurane inhalation for induction and 2% for
preservation. Implants were removed directly after euthanasia by
inhalation of carbon dioxide eight weeks after implantation.
4.2. Preparation of the implants
The surgical procedure took place in two phases. Six bone
regeneration procedures were tested:
 BCP granules alone (BCP);
 human bone graft (hBG);
 human total bone marrow combined with BCP granules
(hTBM + BCP);
 human stromal vascular fraction combined with BCP granules
(hSVF + BCP);
 rat total bone marrow combined with BCP granules (rat
TBM + BCP) as a positive control of bone repair.
 a negative control condition where defects were left unﬁlled.
(Table 1) For each strategy, 6 defects were used, corresponding
to 18 animals (2 defects per animal). For cellular strategies, cells
preparations were left in contact with BCP granules at room
temperature during 30 min.
4.3. Creation of the defects
A 1.5 cm longitudinal incision was performed on the head from
the front to the neck. Skin and periosteum were retracted to expose
the calvaria. A circular critical-sized parietal bone defect (5 mm in
diameter) was created bilaterally on each side of the sagittal suture
using a circular trephine (Komet Medical, Lemgo, Germany) under
infusion of saline solution. Each rat received two randomly
assigned implants (n = 6 per condition). After grafting, the defects
were covered by a pedicle ﬂap isolated from the cervical-occipital
muscles to prevent a postoperative migration of the particles. The
skin was then closed with absorbable sutures. Immediate
postoperative analgesia was provided through a subcutaneous
injection of buprenorphine hydrochloride (Buprecare1 0.3 mg/mL,
10 mg/kg, Animalcare, Dunnington, UK). The following days,
analgesia was provided by acetaminophen orally through a water
bottle (0.024% in water).

Table 1
Cells and materials used in the experimental groups.
Experimental condition

Mass of BCP material per implant

Seeding density of cells per mg of BCP

Mass of BG per implant

Volume of TBM per implant

Empty defect
BCP
hBG
ratTBM + BCP
hTBM + BCP
hSVF + BCP

–
15
–
15
15
15

–
–
–
–
–
3.104 cells/mg

–
–
 15 mg
–
–
–

–
–
–
100 mL
100 mL
–

mg
mg
mg
mg
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4.4. Cell tracking
Fluorochrome CM-DIL (CellTrackerTM, Invitrogen-Molecular
Probes, Eugene, OR, USA) tracked the implanted cells, and marked
half of the samples. The ﬂuorochrome was integrated into cell
membranes where it is stable for several weeks. The cell labeling
was performed by cells incubation with 20 mM of CM-DIL for
5 minutes at 37 8C and then 15 minutes on ice before being mixed
with the BCP granules [24]. The resin sections were then analyzed
by confocal microscopy on a Nikon Eclipse TE2000-E eC1confocal
laser-scanning microscope (Nikon France) with a laser excitation
of wavelength 568 nm.
4.5. Micro computed tomography (mCT) qualitative analysis
Calvaria were imaged postoperatively at 8 weeks by mCT
scanning using a high-resolution X-ray mCT system for small animal
imaging (SkyScan-1076, Kontich, Belgium). Images were reconstructed and data were analyzed with the manufacturer’s proprietary
software (N-Recon, version 1.6.6.0, Skyscan 2011, Kontich, Belgique
and CT-Vox, version 2.4.0 r870, Bruker, Kontich, Belgium). This
imaging made possible a precise qualitative analysis of defect ﬁlling
but did not allow a quantitative analysis of bone growth.
4.6. Histological assessment
The explanted bone specimens were ﬁxed for 7 days in a 4%
paraformaldehyde in phosphate-buffered saline, and then dehydrated
through a graded series of ethanol treatments. After this phase of
dehydration, the samples were embedded in glycol methyl methacrylate (GMMA) resin (Sigma-Aldrich, Saint-Quentin Fallavier, France).
For each sample, a cranio-caudal section was performed at the
maximal diameter of each implant using a circular diamond saw
(SP1600, Leica, Wetzlar, Germany) and serial 5 mm thick sections

were cut using a hard tissue microtome (Polycut SM 2500, Leica,
Wetzlar, Germany). The sections were stained with Goldner’s
trichrome. New-bone formation, connections with BCP and
neighboring tissues, were observed under a light microscope
(Axioplan 2, Zeiss, Darmstadt, Germany).
4.7. Scanning electron microscopy
Samples were sanded on a Metaserv 2000 (Buehler, Lake Bluff,
USA) then gold-palladium-coated on a Desk III (Denton Vacuum,
Moorestown, USA). SEM micrographs were taken using backscattered electrons at 15 kV. The surface of the implant was divided into
contiguous high-resolution images, and quantitative evaluation
was performed with a semiautomatic image analyzer (Quantimeter
500, Leica, Cambridge, UK). First, the contours of the defects were
traced. Areas of newly formed mineralized bone, BCP granules, and
non-mineralized tissues were identiﬁed by their grey levels and
expressed as a percentage of the total defect surface.
4.8. Statistical analysis
Results were expressed as mean  SEM (Standard Error of the
Mean). Results of bone formation in each defect (n = 36) were then
compared using a One-Way ANOVA parametric test and a Bonferroni’s Multiple Comparison Test. A P-value of less than 0.05 was
considered statistically signiﬁcant.
5. Results
5.1. Bone marrow myelography
A cytological myelographic analysis was performed to assess
marrow cell lines, including myeloblasts, myelocytes, proerythroblasts, erythroblasts, megakaryocytes, lymphocytes, plasmocytes,

Table 2
Cytological analysis of the bone marrow. Results are expressed as a percentage of cells per lineage.
Granulocytic lineage
Myeloblastic

Neutrophil
promyelocytes

Neutrophil
myelocytes

Metamyelocytes

Polynuclears

5

0.5

11

26.5

29

Erythroblastic
lineage

Lymphocytes

Plasmocytes

Monocytes

Megacaryocytic
lineage

9

15.5

0

3.5

+

Fig. 1. Osteogenic differentiation of bone marrow- and adipose-derived MSCs. Calcium deposition was investigated by Alizarin Red staining at 28 days. Abbreviations:
Mroliferative medium, OM: osteogenic medium, hBM-MSC: mesenchymal stem cells derived from human bone marrow, rat BM-MSC: mesenchymal stem cell derived from
rat bone marrow, hASC: mesenchymal stromal cell derived from human adipose tissue. Bar = 1 cm.
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and monocytes. The harvested human TBM analysis was within the
range of healthy standards (Table 2).

5

6. Analysis of new bone formation
6.1. Micro-CT analysis

5.2. Cells characterization
The osteogenic potential of rat- and human BM-MSCs and
human ASCs (isolated from the implanted TBM and SVF), was
evaluated by the mineralization of the extracellular matrix using
Alizarin Red staining after 28 days of culture in the presence of PM
or OM. Staining of the cell layer was positive for cells isolated from
bone marrow and adipose tissue, and cultured in the presence of
OM for 28 days (Fig. 1). In contrast, staining was less pronounced
for cells grown in the presence of a PM. Between the different MSCs
cultured in the osteogenic medium, the more intense staining was
present in the hBM-MSCs wells compared with rat BM-MSC and
hASC (Table 3).

Three-dimensional mCT reconstructions conﬁrmed successful
implantations and detected failed implantations. Failed implantation was deﬁned as implants in which the BCP granules migrated
out of the implant sites. Implantation failures were then excluded
from further analyses (1 BCP alone, 1 hTBM + BCP, 1 hSVF + BCP
and, 1 rat TBM + BCP). Most of the site were however still ﬁled with
implanted granules. In rare cases, isolated granules were partially
found at the edge of the created defect.
Micro-CT analysis revealed partial repair of the bone defect
implanted with hBG where the hBG remodeled and sometimes
fused with the edge of the defect. In contrast, the control defect
which contained no BCP showed no closure. BCP-based

Fig. 2. Three-dimensional reconstruction built from mCT coronal images at 8 weeks. Three-dimensional reconstructions were built from coronal images for each parietal bone
in order to assess the success of the implantation. The results from one representative defect out of six are shown. Abbreviations: hBG: human bone graft, hTBM: human total
bone marrow, hSVF: human stromal vascular fraction, rat TBM: rat total bone marrow, BCP: biphasic calcium phosphate. Bar = 5 mm.
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Fig. 3. A. Bone formation scoring at 8 weeks using SEM semi-quantitative analysis. Newly formed bone was assessed by SEM. BCP granules are shown in red, non-calciﬁed
tissues in black, native bone in grey, and new bone inside the region of interest in yellow. Bar = 1 mm. B. Quantitative analysis of the bone formation in the defect (*P < 0.05).
Abbreviations: hBG: human bone graft, hTBM: human total bone marrow, hSVF: human adipose tissue stromal vascular fraction, rat TBM: rat total bone marrow, BCP:
biphasic calcium phosphate.

conditions revealed non-resorbed granules still presents in the
defect (Fig. 2).
6.2. SEM analysis
SEM analysis allowed a qualitative observation of the explants,
in particular the interface between newly formed bone and the BCP
granules (Fig. 3A), and a quantitative analysis of healing of the
defect through the measurement of mineralized bone tissue based
on the semi-automatic image analysis. Quantitative and statistical
analyses are summarized in Fig. 3B. In our study only hBG
signiﬁcantly succeeded in healing the calvaria defect (P = 0.0077).
However newly formed bone tissue was observed in tissue
engineering conditions with rat TBM, hTBM, and, hSVF.

was absent most of the time. In the two groups with human cells
(hTBM/hSVF) the presence of red blood vessel-like structure (BV)
were commonly seen. The presence of the red staining on blood
vessel structures was seen in all the tissue engineering strategies
groups.
6.4. Cell tracking
Before implantation, rat and human TBM and human SVF cells
were labelled with CM-DIL in half of the defects (n = 3). The
remaining ﬂuorescence was investigated by ﬂuorescent microscopy after explantation. In all conditions with cells from rat or human
origins, signal was present after 8 weeks. Signal could be seen in
contact with the BCP, but also in surrounding tissue (Fig. 5). Red
signal was converted in white to make it easier to read.

6.3. Histological analysis
Fig. 4A shows representative histological examples of each
condition. Red squares are areas magniﬁed in Fig. 4B.
No inﬂammatory reaction or encapsulation reaction between
the granules and new bone was observed. In the empty control
group, there was only a thin layer of ﬁbrous tissue above the dura
matter (in red). In the group ﬁlled with BCP granules alone, we
observed a ﬁbrous tissue surrounding the biomaterials. In the hBG
group, we observed a massive ﬁlling of the defect with
mineralized lamellar bone (LB). In this group, there was also
presence of osteocytes like cells (black arrows) suggesting the
graft is still composed of living tissue. However, hBG did not
always show signs of remodeling and often did not fuse with the
edges of the defect (as seen in Fig. 4B). For BCP combined with rat
TBM, hTBM or hSVF, cellularized woven bone tissue was present in
contact with the granules. However, mineralized lamellar bone

7. Discussion
The aim of this study was to evaluate the bone regenerating
potential of BCP combined with hSVF and hTBM. These two intraoperatively isolated MSCs sources could act as an alternative to
bone graft which is the current gold standard for bone
reconstruction [25]. Previous studies in a syngenic model of rat
critical-sized calvaria defect have highlighted the promising use of
TBM combined with biphasic calcium phosphate granules [17].
In our study, human TBM, human SVF and rat TBM, all in
association with BCP granules, were compared to the current
standard (hBG) in a critical-sized calvaria defect in the rat. The use
of an immunotolerant animal (NIH-Foxn1 nude) was required, in
an attempt to study clinically relevant cell sources of human
origin.

Please cite this article in press as: Hivernaud V, et al. Comparing ‘‘intra operative’’ tissue engineering strategies for the repair of
craniofacial bone defects. J Stomatol Oral Maxillofac Surg (2019), https://doi.org/10.1016/j.jormas.2019.01.002

G Model

JORMAS-626; No. of Pages 11
V. Hivernaud et al. / J Stomatol Oral Maxillofac Surg xxx (2018) xxx–xxx

7

Fig. 4. Histological analysis of bone formation at 8 weeks. Histological study of newly formed tissue was assessed with Goldner Trichrome staining. Mineralized bone is shown
in dark green and BCP granules are presented in white. A. Overview of defects histological aspect 8 weeks after implantation. Bar = 500 mm. B. Magniﬁcation of red squares
from Fig. 4A. Bar = 250 mm. Abbreviations: BCP: biphasic calcium phosphate, BV: blood vessel, hBG: human bone graft, hSVF: human stromal vascular fraction, hTBM: human
total bone marrow, LB: lamellar bone, rat TBM: rat total bone marrow, WB: woven bone.
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Fig. 5. Fluorescent microscopy at 8 weeks of CM-DIL labelled cells. Cells were labelled with CM-DIL before implantation and observed 8 weeks later. The presence of
ﬂuorescence signal was assessed by ﬂuorescent microscopy in transmitted light (A, C, E and, G) then with the red laser 568 nm (B, D, F and, H) in the different tissue
engineering conditions. Abbreviations: hTBM: human total bone marrow, rat TBM: rat total bone marrow, hSVF: human stromal vascular fraction. Bar = 100 mm. Red signal
was converted to white to make it easier to read.

The absence of bone regeneration in the empty defect at
8 weeks conﬁrmed that the model we used was a critical-size one.
Moreover, the implantation of BCP alone did not produce a
signiﬁcant amount of bone compared to the empty control defect,
conﬁrming the lack of osteoinductive properties of BCP alone in
hypoplastic bone defects [26].
The bone graft showed the best results in terms of mineralized
tissue 8 weeks after implantation with 43.2% of defect ﬁlling. The
amount of mineralized tissue in this condition was signiﬁcantly
higher than in defect ﬁlled with bone tissue engineering
procedures. Histological analyses conﬁrmed the presence of living
bone containing osteocyte-like cells, partly remodeled. However, it
is important to note that the SEM analysis does not allow
differentiating implanted bone graft from newly formed bone
tissue. Consequently, the percentage of mineralized tissue obtained
with the SEM calculation for human bone graft condition might be
overstated. In term of defect ﬁlling in mineralized tissue the
macroscopic images from SEM and histological analyses showed
that hBG gave the higher results (P = 0.0077). Nevertheless, the
same analyses showed several bone graft samples where there was
no coalescence between the graft and the edges of the defect,
suggesting a low remodeling of the implanted bone compared to
our expectation and to previous reports using bone graft [17].
Concerning intra-operative bone tissue engineering strategies
with hTBM and hSVF, only little bone formation occurred around
the granules. Even though the presence of ﬂuorescence signal
could suggest that cells were still present 8 weeks after
implantation, the origin of the cells forming the woven bone
and the blood vessels could not be determined. The survival of
implanted cells in bone defects has already been demonstrated
in other models, even though the signal weaken after 2 weeks
[27–29]. Woven bone tissue with a ﬁbrous matrix was observable,
but no statistically signiﬁcant mineralized bone formation
occurred. There seemed to be a tendency for rat TBM combined
with BCP to form more mineralized tissue (6.8%) compared to BCP
alone (2.3%) (P = 0.5476). Then, the lack of statistical signiﬁcance
could possibly be attributed to a small number of samples.

Several studies have investigated the osteogenic potential of
hSVF [4] while only one study tested it in orthotopic model
[30]. The ability of hSVF to form bone is still controversial and
under debate. Rhee et al. had recorded some osteogenic potential
of rat SVF in calvaria defects after 8 weeks using demineralized
bone matrix [20], while Müller et al. and Scherberich et al.
observed only a slight amount of bone in an ectopic site with hSVF
and hydroxyapatite cylinders [21,22]. The present study agrees
with these later ﬁndings. Thus, some authors have suggested that
hSVF’s osteogenic potential can be stimulated by adding growth
factors or cytokines. However, the use of growth factor in human
maxillofacial surgery is debatable as far as adverse effects has been
reported, such as inﬂammatory reactions, graft failure and
infections [31,32].
Like SVF, extemporaneous TBM does not require an in vitro
culture step, which would make its potential use in the clinical
setting much more likely. This technique has rarely been
considered for craniofacial bone repair in human [33,34]. In a
recent study, rat TBM combined with BCP led to efﬁcient bone
formation in calvaria defects similar to bone formation observed in
treatments with committed BM-MSC cultured on BCP granules
[17]. To our knowledge, the osteogenic properties of hTBM in
hypoplastic bone have yet to be validated. Unexpectedly, in the
present study, BCP granules mixed with rat- or hTBM did not
demonstrate a signiﬁcant bone formation. It has been reported that
the main limitation of TBM-based strategies is donor-to-donor
variability, which cannot be predicted a priori. In our study, rat
and human TBM were isolated from only one donor for each
experimental condition, which could explain our results. However,
a marrow rich in different type of cells was observed in the
myelography both for the human patient (Table 1), and the donor
rat (data not shown).
In the present study, two human cell sources in combination
with BCP granules were compared for the ﬁrst time in term of bone
regeneration strategies: Total Bone Marrow and Stromal Vascular
Fraction. Both were previously described as potential cell sources
for bone tissue engineering by our team and others. This can be
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explained by the fact that TBM and SVF are MSC sources, possess
angiogenic properties and can be harvested and used in a one-step
procedure. Total Bone Marrow was the ﬁrst used for bone tissue
engineering due to its localization in the bone tissue and the earlier
discovery of MSCs. However, SVF is of great interest since the last
decade due to its higher concentration in MSCs and its very low
harvesting’s morbidity. In this study, both hTBM and hSVF gave rise
to a limited amount of mineralized tissue after 8 weeks of
implantation, even though BM-MSC showed a stronger alizarin red
staining than ASC when cultured in the same medium. Then, the
assessing of the osteogenic capacities of MSCs in vitro was not
relevant of the obtained mineralization after implantation.
Unfortunately, we were only able to assess one donor for each
source of MSC.
The results obtained with rat TBM remain peculiarly disturbing as
this strategy was recently evaluated in different autologous bone
defect model, including irradiated bone in dog, rat, or rabbit and
consistently demonstrated a similar ability to form bone as compared
to other strategies [17,35–37]. The major limitation of this study was
that only two donors were used in this study. Therefore, there is a risk
that observed results could be different with a greater number of
human cells donors. However, the same source of rat TBM (Lewis
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rats) also gave great results in two other rat calvaria model at
8 weeks, in combination with different bone substitutes or mixed
with MSCs (unpublished data). In the later study, the same
biomaterial was used making it hard to blame the choice of BCP
granules. The granulometry used (500–100 mm) is the one currently
used in human clinic and therefore might not be suited to the studied
model. However, the same granulometry was used with rat TBM in
Lewis rat and resulted in high bone formation [17].
We thus hypothesize that the low rate of mineralized tissue
observed in the present study could possibly be attributed to the
bone physiology of nude rat model.
To address that hypothesis, a review of the literature
concerning that model was conducted. A Pubmed research with
the keywords, ‘‘nude rat bone’’ gave 743 results. Among those,
150 concerned bone regeneration studies in the nude rat model.
Twenty-six of those studies were using a calvaria defect. A closer
look to the previous reported studies is summarized in Table 3
[12,20,38–61].
The previous works in this model used a large variety of
biomaterials. The time points of analyses were from one to twelve
weeks after defect creation/implantation. Otherwise, we could
observe that the higher results in mineralized bone formation rates

Table 3
Literature review of English writing articles using the nude rat model of calvarial defect using PubMed database.
Author/Year

Defect size
(diameter)

Implantation
time (weeks)

Biomaterial

Use of BMP
(or DBM)

% of bone tissue

Histological or
Micro-CT evidence
of bone formation

Chesmel 1998

8mm

8

DBM

Yes

b

Winn 1999
Akita 2004
Kaigler 2006

8mm
4mm
8.5 mm

2-4
2-4-8
6-12

PCL
Gelatin
PLGA

Yes
Yes
No

4.9-6.1% Empty 19.5-28.1%
hDBM in gel form 29.446.1% Autograft
22% PLC 80% PLC/rhBMP2
a

b

6% PLGA 33% PLGA/BMSC/
EC

d

Acarturk 2006
Chim 2006
Shimizu 2007
Yoon 2007

8mm
6mm
5 mm
8mm

2-4-8
6
2
12

DBM
PCL

a

d

a

b

a

b

PLGA

Yes
No
No
No

c

Roussy 2007
Mhawi 2007
Qiu 2007
Park 2008
Plachokova 2009

3mm
5 mm
5 mm
8mm
8mm

2-4

PRP/Collagen

No

0% PLGA 72%
PLGA + differentiated ASC
50% Collagen 45% PRP

4-8
8
2-4

DBM/AM
PGA/PRP
BCP/PRP

Yes
Yes
No

32% Empty 84% DBM/AM

d

a

c
c

Rhee 2011

8mm

8

DBM/PLA

Yes

14% BCP + PRP 14% BG 18%
BG + PRP
13% Empty 40% DBM 58%
DBM + SVF

Gardin 2012
Tremoleda 2012
Kim 2012
Ji 2013
Li 2014
Annibali 2014
Ma 2014
Choi 2014
Pippenger 2015

5 mm
6mm
5 mm
8mm
5 mm
5 mm
5 mm

3
1-2
4-8
8
6
2-4-8-12
8

HA
DBM
AM
PCL/gelatin
PRF
GDPB/b-TCP
Titanium ﬁber mesh

No
Yes
No
No
No
No
No

a

b

a

c

a

d

a

c

17% Empty 62% L-PRF

d

a

b

a

c

4mm

12

No

a

c

Suenaga 2015
Wang 2015
Wang 2015

8mm
8mm
8mm

8
12
12

CaP granules +
ﬁbrin gel
b-TCP
CaP cement
CaP cement

No
Non
Yes

a

d

11% CPC 30,4% hiPSC-MSC
22,5% CPC + iPS-MSCs
44,7% CPC + BMP2iPSMSCs

d

a

d

b

d

d

AM: acellular matrix; ADM: acellular human dermal matrix; b-TCP: triCalcium phosphate beta; CaP: calcium phosphate; CPC: calcium phosphate cement; DBM:
demineralized bone matrix; EC: endothelial cells; GDPB: granular deProteinized bovine bone; HA: hydroxy apatite; iPSMSCs: induced pluripotent stem cell-derived
mesenchymal stem cells; MSC: mesenchymal stem cells; PCLolyCaproLactone: PGAolyglycolic acid; PLAolyLactic Acid: PLGAoly(Lactic-co-Glycolic) acid, PRPlatelet Rich
Plasma; rhBMP2: recombinant human bone morphogenetic protein 2.
Level of evidence based on histological and imaging illustrations.
a
No illustrated evidence of bone formation.
b
Little evidence of bone formation.
c
Slight evidence of bone formation.
d
Strong evidence of bone formation.
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were obtained while using Demineralized Bone Matrix (DBM) or
when other sources of bone morphogenetic proteins were used.
Available studies with quantiﬁcation, computed tomography or
histological results, reported a relatively lower bone formation for
at 8 weeks when no osteogenic proteins were used. However, some
studies evaluating the bone formation at a 12 weeks’ time-point
reported consequent mineralized tissue formation. It might then
be interesting, in the future, to assess our conditions at a 3-months’
time-point.
The lack of a competent immune system in these rats could
explain the low bone formation rates obtained when no growth
factor was used. However, literature results showing higher bone
formation rates in non-calvarial defects (i.e. limb bones) suggest
that the implication of the immune system in bone formation
cannot alone explain this observation.
Those ﬁndings from literature and from the present study tend
to show that nude rat calvaria defect resembles the situation found
in the most hypoplastic cases of maxillofacial bone defects in
human where human bone grafts often fail. The nude rat calvaria
defect might then be of great interest when assessing these types
of afﬂictions. However, to assess cell-based tissue engineering in
such cranio-facial models, a later time point for sacriﬁce should be
recommended.
The use of an immunocompromised model is a limit to
extrapolate the obtained results to a real clinical condition
considering the immune system of the recipient plays a critical
role in the regeneration process. However, the use of animal cells
as a model is also limited due to species discrepancies [62]. Tough
the use of human cells in an immunocompetent model was also
reported to lead to cell deaths and lower bone regeneration [63],
leaving a strong dilemma.
As an alternative to nude rat, an immunosuppressive drug in
immunocompetent animal could allow the investigation of human
cell-based bone tissue engineering for maxillofacial application in
less stringent conditions [64]. Although, it would not allow
investigating the potential role of the immune system in bone
regeneration. To address this issue, the humanized rat model could
be used to assess human cells tissue engineering strategies in an
‘‘autologous immune’’ recipient.

8. Conclusion
In conclusion, in this study the bone regenerating potential of
human-based intra-operative tissue engineering strategies was
evaluated. To assess the osteogenic potential of human SVF and
human TBM the nude rat model of calvaria defect was used. In this
study, the clinical gold standard of freshly harvested human bone
graft was studied and was able to achieve a signiﬁcant ﬁlling of the
defect. Those results were in accordance with the conducted
literature analysis. The critical-sized calvaria defect is a wellestablished model to assess the regenerative potential of bone
substitute for maxillo-facial applications. However, when it comes
to tissue engineering strategies, cells are involved in the
regeneration process. The validation of human cells potential is
therefore mandatory before clinical applications. To investigate
the potential of human cells, an immuno-tolerant model is often
selected. In our case, the obtained results highlighted the scarcity
of the nude rat calvaria model especially when comparing intraoperative tissue engineering procedures to a clinically relevant
positive control.
The investigation of later time points and autologous graft still
needs to be done in order to clarify the relevance of this model.
Moreover, the lack of statistical results in this study rises the
possible need for larger animal groups in future studies on the
same model. This model however, seems to match the most

hypotrophic conditions of the maxillofacial bone defects and might
not be the best to explore all the craniofacial bone loss applications.
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