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Abstract. Vascularized periosteal flaps are used for complex 
cases if the reconstruction of large bone defects is necessary 
in modern trauma and orthopedic surgery. In this study, we 
combined this surgical procedure with β‑TCP scaffold and 
mesenchymal stem cells  (MSCs)  +  endothelial progenitor 
cells  (EPCs) as a tissue engineering approach to obtain 
optimum conditions for bone healing in rats. A critical size 
femoral defect was created in 80 rats allocated into 4 groups. 
Defects were treated according to the following protocol: 
i) vascularized periosteal flap alone; ⅱ) vascularized periosteal 
flap + β‑TCP scaffold; ⅲ) vascularized periosteal flap + β‑TCP 
scaffold + ligated vascular pedicle; and ⅳ) vascularized peri-
osteal flap + β‑TCP scaffold + MSCs/EPCs. After 8 weeks, 
femur bones were extracted and analyzed for new bone 
formation, vascularization, proliferation and inflammatory 
processes and strength. Bone mineral density  (BMD) and 
biomechanical stability at week 8 were highest in group 4 
(flap + β‑TCP scaffold + MSCs/EPCs) compared to all the 
other groups. Stability was significantly higher in group 4 
(flap  +  β‑TCP scaffold  +  MSCs/EPCs) in comparison to 
group 3 (ligated flap + β‑TCP scaffold). BMD was found to be 
significantly lower in group 3 (ligated flap + β‑TCP scaffold) 
compared to group 1 (flap) and group 4 (flap + β‑TCP scaf-
fold + MSCs/EPCs). The highest density of blood vessels was 
observed in group 4 (flap + β‑TCP + MSCs/EPCs) and the values 
were significantly increased in comparison to group 3 (ligated 
flap), but not to group 1 (flap) and group 2 (flap + β‑TCP). The 

highest amounts of proliferating cells were observed in group 4 
(flap + β‑TCP scaffold + MSC/EPCs). The percentage of prolif-
erating cells was significantly higher in group 4 (flap + β‑TCP 
scaffold + MSCs/EPCs) in comparison to all the other groups 
after 8 weeks. Our data thus indicate that critical size defect 
healing could be improved if MSCs/EPCs are added to β‑TCP 
scaffold in combination with a periosteal flap. Even after 
8 weeks, the amount of proliferating cells was increased. The 
flap blood supply is essential for bone healing and the reduction 
of inflammatory processes.

Introduction

When the intrinsic ability of bone to regenerate is overpow-
ered by large segmental defects, the patients who suffer with 
these defects and have to manage long term operations and 
treatments, physicians who have to perform complex surgical 
procedures and the health care system which has to bear high 
costs for these procedures are faced with major challenges.

While many approaches have been developed to treat these 
difficult large bone defects, none of these have proven to be 
fully satisfactory. The most commonly used treatments employ 
autologous bone, either non‑vascularized (1,2) or vascularized. 
Several biodegradable bone graft substitutes have been devel-
oped and are commercially available (3‑5). Other treatments 
include, the Ilizarov technique (6) and vascularized periosteal 
flaps (7,8).

Limitations associated with current treatments have led 
to the search for alternative treatments using cell‑based tissue 
engineering protocols (9,10). While still largely experimental, 
these methods have generated great interest in research, 
industry and clinical settings with particular emphasis on 
treatments for bone defects (11,12). Generally these approaches 
consist of combining biodegradable scaffolds with different 
combinations of bone‑ and vessel‑forming growth factors and 
cells.

Biodegradable scaffolds or ʻbone graft substitutesʼ as their 
name implies, have been developed to replace autologous bone 
grafts with their associated limitations and complications like, 
limited donor bone availability and donor site morbidity. These 
substitutes have been specifically engineered to integrate with 
bone tissue while providing structural 3D support (13). While 
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they have been successful in reducing the need for autologous 
bone, their ability to duplicate bone osteogenesis and vessel 
angiogenesis capacity of autologous bone grafts has yet to be 
conclusively demonstrated (14).

We, as well as others have explored the use of cell‑based 
approaches, which involve seeding scaffolds with different 
combinations of bone‑ and vessel‑forming cells and growth 
factors (12,15‑18). The advantages of this approach are obvious, 
as it delivers bone‑forming cells and growth factors directly 
into the bone defect where they are needed.

Mesenchymal stem cells  (MSCs) have been extensively 
studied due to their known potential to differentiate into chon-
drogenic and/or osteogenic cells, the main cellular mediators 
of bone formation. Using this approach, seeding scaffolds with 
MSCs into bone defects in animal models, we as well as others 
have demonstrated mostly positive results  (18‑20). Despite 
these encouraging initial results, using this approach, the 
bone‑forming capacity observed when autologous bone grafts 
are used has not yet been achieved. The reasons for this may be 
the limited viability of the transplanted MSCs, the lack of osteo-
inductive stimuli and a lack of angiogenesis. In order to address 
these issues, investigators have used genetically modified 
MSCs (21), using different proteins including, bone morpho-
genic protein  (BMP)  (12,15), vascular endothelial growth 
factor (VEGF) (22) and fibroblast growth factor (FGF) (23). 
Thus far, optimal results have been obtained when using a 
combination of osteogenic and angiogenic proteins (24,25). 

Endothelial progenitor cells (EPCs) are of hematopoietic 
origin, and are known to participate in angiogenesis (26). It 
has been shown that EPCs home to ischemic tissue, stimulate 
blood flow recovery in ischemic tissues, and are increased in 
numbers in the blood following trauma, all qualities that make 
EPC logical candidates for treating large bone defects (27,28). 
Keeping this in mind, we combined MSCs as a source for osteo-
genic activity and EPCs due to their pro-angiogenic activity. In 
a previous study, we treated large rat femur bone defects with 
scaffolds seeded with a combination of MSCs and EPCs and 
observed a much higher bone healing response in animals that 
received both MSCs and EPCs (18).

Although these tissue‑engineering approaches that combine 
cells, osteoinductive proteins and osteoconductive scaffolds 
have been encouraging, they have not yet achieved widespread 
clinical acceptance. This may be due to the logistics of applying 
these new techniques in the clinical setting, but also as they 
have not conclusively demonstrated clinical superiority over 
autologous bone grafts (18,29,30).

Vascularized periosteal flaps, introduced by Doi and 
Sakai in the early 1990s, consist of transferring a thin ʻflapʼ 
of periosteum with its intact blood supply to cover bone 
defects (7). The rich blood supply of these flaps, together with 
their thin and pliable structure makes them very versatile and 
has enabled surgeons to successfully use them to reconstruct 
bone defects in a variety of different anatomical locations. 
The periosteum is a rich source of blood supply and bone-
forming cells. Its outer ʻfibrousʼ layer contains a nerve and 
blood supply, while its' inner ̒ cellularʼ layer contains different 
kinds of stem cells (31‑33). This inner cellular layer becomes 
progressively thinner with age. In adults the periosteum 
becomes so thin that it cannot be distinguished from the 
overlying fibrous layer (34,35).

We evaluated the effects of a periosteal flap together with 
a tissue engineering approach in a former study (36), and in 
the present study, we sought to combine these new cell‑based 
MSC/EPC therapy approaches with the well‑established and 
clinically proven method of a vascularized periosteal flap. 
This combination which has not been performed in the past 
by any other research group, at least to the best of our knowl-
edge, would bring together the recently demonstrated benefits 
of tissue engineering approaches with the well‑established 
clinical success of periosteal flaps. The healing of critical 
size bone defects could be facilitated by this method, since 
bone grafts with their donor site morbidity would no longer be 
necessary and patients would not have to cope with long‑term 
external fixation, such as that associated with the Ilizarov 
technique.

Materials and methods

Animal care. All experiments were performed in accor-
dance with regulations established and approved (project 
no. F3/21; Regierungspräsidium, Darmstadt, Germany) by our 
Institutional Animal Care and Oversight Committee according 
to German law. Ten‑week‑old male Sprague‑Dawley  (SD) 
rats  (Harlan Cytotest Cell Research  GmbH, Rossdorf, 
Germany) weighing 350‑400 g were used. Animals were 
caged individually in temperature (21˚C), light (12 h light, 
12 h dark), and air flow-controlled rooms. They received stan-
dard rodent chow and water containing tramadol pain killer 
ad libitum post‑operatively. Rats were monitored daily for 
complications or abnormal behavior during the post‑operative 
period.

Group setup. A total of 80  rats  (SD; Harlan Cytotest Cell 
Research GmbH) were allocated into 4 groups, consisting of 
20 animals/group. Critical size defects were created on their 
femur bones and were treated as follows: group 1, vascular-
ized periosteal flap alone; group 2, vascularized periosteal 
flap + β‑TCP scaffold; group 3, periosteal flap (with ligated 
vascular pedicle) + β‑TCP scaffold; group 4, vascularized 
periosteal flap + β‑TCP scaffold + MSCs/EPCs.

After 8 weeks, the rat femurs were harvested and all bones 
were examined using radiological and immunohistochem-
istry methods. Eight rats were used for histological analysis 
and 6 were used for micro‑CT and biomechanical testing. 
Biomechanical three‑point bending tests were performed in 
bones, which had been previously used for radiological exami-
nation.

Animal model
Critical size femur bone defect. Under general anesthesia 
[ketamine chlorhydrate (100 mg/kg) and xylazine hydro-
chloride (10 mg/kg)] administered intraperitoneally, the right 
legs of the rats were shaved, cleaned and disinfected with 
antiseptic fluid. A medial longitudinal incision was made 
through the skin and fascia over the femur and the under-
lying vastus medialis and biceps muscles were separated 
bluntly. The ventral aspect of the femur bone was exposed. 
In order to provide stability to the bone after creation of 
the defect 1.5 mm 5‑screw stainless‑steel plates Compact 
Hand (Synthes GmbH, Umkirch, Germany) were secured to 
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the femur bone using 1.5 mm cortical screws. A 7‑mm‑long 
bone defect was then created using a drill in the mid‑shaft of 
the femur between the second and the third screw. Special 
care was taken to ensure that no bone fragments were left 
underneath the plate along the 7‑mm defect, as previously 
described (18).

The periosteum overlaying the medial femoral condyle 
and its blood supply (descending genicular artery and vein) 
were identified, exposed and the medial condyle periosteal 
flap was elevated on its vascular pedicle. The vascular 
pedicle was carefully dissected along a trajectory of 15 mm 
and the flap was then rotated into the defect and fixed with 
sutures (5‑0 Vicryl; Ethicon, Norderstedt, Germany) to the 
medial side of the plate to bridge the defect. The lateral side 
of the defect was left free. After the femur bone defects in 
the different groups had received their respective treatments, 
the fascia was re‑approximated with interrupted 5‑0 Vicryl 
sutures (Ethicon), and the skin sewed up with intracutaneous 
sutures (4‑0 Prolene; Ethicon).

Scaffold preparation and implantation into defect. A 
commercially available bone graft substitute (chronOS β‑TCP, 
size 0.7‑1.4 mm, porosity 60% and pore size 100‑500 µm; 
Synthes GmbH) was incubated for 30 min in a fibronectin 
solution (10 µg/ml; Sigma, Deisenhofen, Germany) in phos-
phate‑buffered saline (PBS) without Mg²+ and Ca²+ (PBS‑/‑). 
The supernatant was then removed after 30 min and replaced 
by PBS‑/‑ only. The granules were immediately placed, as a 
dense single layer, in a 24‑well plate  (Nunc, Wiesbaden, 
Germany) using sterile forceps. Fibronectin is a commonly 
used and accepted substrate, shown to support EPC differen-
tiation and adherence (37). In a previous study we found that 
fibronectin coating enhanced EPC adherence to β‑TCP (17). 
This preparation was then used to fill the femur bone defect 
prior to implanting the periosteal flap.

EPC and MSC harvest, isolation and characteriza-
tion. Rat early EPCs were isolated from the spleens of 
syngeneic male SD rats according to previously described 
procedures  (38,39). The advantage in doing so is that the 
absolute number of harvested cells is much higher if spleen 
is used in comparison to bone. The spleen was therefore cut 
into small sections (approximately 3 mm) and gently mashed 
using syringe plungers. The cell suspension was then filtered 
through a 100 mm mesh, washed once with PBS and subjected 
to Ficoll density gradient centrifugation (30 min, 900 x g with 
Ficoll 1.077 g/ml; Biochrom, Berlin, Germany). Recovered 
mononuclear cells were washed twice with cold PBSw/o 
(10 min, 900 x g), and then each 4x106 cells were cultivated on 
a fibronectin‑coated (10 µg/ml; Sigma) 24‑well culture dish in 
1 ml of endothelial basal medium supplemented with endothe-
lial growth medium (both from Cambrex, Verviers, Belgium) 
with singlequots at 37˚C, 5% CO2. After 48 h, non‑adherent 
and weakly‑adherent cells were removed, the medium was 
changed, and the cells were cultivated for an additional 72 h. 
Moreover, a parallel preparation was performed to evaluate 
the percentage of endothelial‑like differentiated cells. EPCs 
were identified using a previously described method (40,41). 
Briefly, the cells were incubated with 2.4 µg/ml DiLDL (Cell 
Systems, St. Katharinen, Germany) in EBM supplemented 
with 20% fetal calf serum (FCS) for 1 h. Cells were then fixed 
with 2% paraformaldehyde for 10 min and, after washing with 

PBS+/+, were incubated with FITC labeled Ulex europaeus 
agglutinin‑1 (10 µg/ml) (lectin; Sigma) for 1 h. Cells presenting 
double‑positive fluorescence (1,1'‑dioctadecyl‑3,3,3',3'‑tetra-
methylindocarbocyanine‑labeled acetylated low‑density 
lipoprotein, lectin) were considered to be EPCs. For these 
experiments, the cells were detached by accutase treatment 
(10 min) (PAA Laboratories, Linz, Austria), washed once with 
MesenCult + Supplements (Cell Systems), and subsequently 
adjusted to a density of 2.5x105 cells in 100 µl.

MSCs were obtained from donor rat femurs. More preci
sely, they were isolated from femurs obtained from syngeneic 
donor rats by flushing the bone marrow with PBS. The bone 
marrow was then re‑suspended in PBS and washed once by 
centrifugation (8 min, 300 x g). The cells obtained from each 
femur were subsequently plated into individual 75 cm2 culture 
flasks using DMEM supplemented with 10% FCS (Gibco, 
Darmstadt, Germany) and expanded over three passages. 
Subsequently, the cells were detached by accutase  (PAA 
Laboratories) treatment, washed, and re‑suspended in a 
medium consisting of 90%  FCS and 10%  dimethyl sulf-
oxide (Sigma). Aliquots were stored in liquid nitrogen until 
use.

For each experiment, a portion of the cryoconserved 
cells was thawed and expanded over two additional passages. 
MSCs of the sixth culture passage (P6) were then used for 
the experiments. After accutase treatment  (10  min), cells 
were washed  (10 min, 300 x g) and re‑suspended in PBS. 
Hereafter, the cell suspension was divided, and one part was 
adjusted to a density of 2.5x105 cells in 100 µl to be used in 
the experiments. The other portion was used to assess MSC 
osteogenic differentiation potential by incubating the cells in 
osteogenic differentiation medium containing dexamethason 
(1x10‑6 M), ascorbic acid (50 µg/ml), and β‑glycerol phosphate 
(1x10‑1 M) for 3 weeks. The medium was exchanged twice a 
week. Osteogenic substances were purchased from Stem Cell 
Technologies (Grenoble, France). Extracellular calcium depo-
sition was evaluated using von Kossa staining (18).

EPC/MSC seeding on scaffolds. Granules were densely 
placed as bilayer into individual wells of 48‑well plates. 
Hereafter, the granules were loaded with either 5x105 cells 
of a mixture composed of 50%  MSCs and 50%  EPCs or 
with 5x105 MSCs or 5x105 EPCs alone (17). The cells were 
dripped (200 µl) over the bone graft layer and incubated for 
10 min at 37˚C. The medium containing the non‑adhering 
cells was then removed, rinsed once again over the granules, 
and incubated at 37˚C for a further 10 min. This procedure was 
repeated 3 times. Subsequently, the granules loaded with cells 
were subjected to the animal facility. Granules were constantly 
kept at 37˚C and were implanted into the bone defects within 
2 h after seeding. To confirm adherence of EPCs and MSCs 
on biomaterials we used a parallel setup. DiLDL pre-stained 
EPCs and MSCs were seeded on the granules as described. 
Subsequently, the cells were fixed with 2% paraformaldehyde 
in PBS+/+ for 20 min and washed gently with 2X 200 µl PBS 
per well and followed by further incubation with 1 µl DAPI 
[2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; 
Sigma] with a final concentration of 1 µg/ml for 10 min at room 
temperature. After the staining, the granules were washed 
three times with PBS-/- and transferred to a new well in order 
to prevent false‑positive results caused by the adherent cells at 
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the bottom of the cultivation well. Finally, the granules were 
analyzed by fluorescence microscopy (Axio Observer; Carl 
Zeiss, Inc., Göttingen, Germany) and photographed. EPCs 
appear orange and MSCs appear blue (Fig. 1).

Euthanasia. The animals were euthanized with an over-
dose of pentobarbital  (150  mg/kg intraperitoneally) after 
8  weeks. The animal femurs were dissected free and all 
bones were examined macro‑ and microscopically for signs 
of infection or tumors. Bones were then frozen and stored at 
‑80˚C until preparation for immunhistological examinations. 
Thereafter, the bones were fixed in Zinc‑Formal‑Fixx (4%; 
Thermo Electron, Pittsburgh, PA) >20 h and then subjected 
to decalcification in a solution containing 0.25 M Trizma 
base (Sigma) (17) for 14 days.

Measurements. Various measurements were performed 8 weeks 
after surgery as follows:
Bone maturation, vascularization and inflammation in the 
defect zone. Samples taken from the bone defect zone were 
decalcified, fixed in 4%  formaldehyde and embedded in 
paraffin. Sections were stained with hematoxylin and eosin or 
incubated with antibodies directed against osteocalcin (bone 
maturation, dilution 1:100, incubation time 1 h, 4˚C; Abcam, 
Cambridge, UK), CD31 (blood vessels, dilution 1:50, incubation 
overnight, 4˚C; Abcam), Ki‑67 (proliferation, M7248, dilution 
1:50, incubation time 1 h, 4˚C; Dako, Glostrup, Denmark) and 
HLA‑DR (inflammation, ab23990, dilution 1:100, incubation 
time 1 h, 4˚C; Abcam). Polyclonal HRP-coupled secondary 
antibodies were applied and the sections were incubated with 
3-amino-9-ethyl-carbazole (AEC).

Osteocalcin staining in the defect zone was evaluated purely 
descriptive using stitched high resolution images of the whole 
defect area using a Keyence Biorevo BZ‑9000 microscope and 
the software BZ Ⅱ analyzer (Keyence Deutschland GmbH, 
Neu‑Isenburg, Germany).

For thedetermination of blood vessel density, the number 
of blood vessels  (CD31) with a lumen was counted in 
5 non‑overlapping images of the defect area at a magnification 
of x100 in combination with a computer‑supported imaging 
picture analysis system  (Axiovision 4.7; Carl Zeiss,  Inc.). 
Values were converted to blood vessel/µm and normalized to 
the percentage of tissue in the analysed image frame.

Histological Ki‑67 and HLA‑DR staining was evalu-
ated in the medial and lateral aspect of the defect zone. 
The percentage of Ki‑67-positive cells was determined 
in a standardized area, that was normalized to the area 
covered by tissue. The values were ascertained to 5 catego-
ries  (0, no Ki‑67‑positive cells; 1, up to 25%; 2, 25‑50%; 
3, 50‑75%; 4, 75‑100% Ki‑67‑positive cells). The percentage 
HLA‑DR‑positive area was determined using ImageJ soft-
ware (https://imagej.nih.gov/ij/) and normalized to the area 
covered by tissue in the defect zone. All histological slides 
were analyzed in a random order by an independent observer 
blinded to the group setup (17,18).

Peripheral quantitative computed tomography  (pQCT) 
of bone defects. To assess bone density and micro architec-
ture at the defect site pQCT and micro‑CT (SkyScan 1176; 
Bruker Corp., Billerica, MA, USA) were performed on 6 of 
the 20  femurs harvested at 8  weeks. For imaging, femurs 
were oriented along their long axis orthogonally to the axis 

of the X‑ray beam  (90  kV X‑ray source, fully distortion 
corrected 11‑megapixel X‑ray camera). Two‑dimensional 
CT images were scanned and reconstructed using a standard 
convolution‑back‑projection procedure. The isotropic voxel 
size was 18 µm. The analyzed volume of interest was placed 
at the center of the bone defect with 0.7 mm thickness for all 
samples (18). β‑TCP signals were not subtracted from bone 
mineral density (BMD) values.

Biomechanical testing. In bones  (6 in total), that had 
already been used for pQCT, biomechanical properties, at the 
defect site were measured by a destructive three‑point bending 
procedure using a material testing machine (zwickiLine Z5.0; 
Zwick‑Roell, Ulm, Germany). The ʻbending until failureʼ 
method was performed by lowering a bar onto the femur, using 
a constant deflection speed of 0.1 mm/sec, and recording the 
load and deflection continuously. The ultimate load was then 
calculated using testXpert Ⅱ software (Zwick‑Roell) (18).

Statistical analysis. In this study, differences between the 
groups were compared using the non‑parametric Kruskal‑ 
Wallis test followed by multiple Conover‑Iman comparison with 
Bonferroni‑Holm correction. The software BIAS 10.11 (Epsilon, 
Darmstadt, Germany) was used for group size calculation. A 
value of P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

No deaths occurred during surgery or during the immediately 
following post‑operative period. Furthermore, the animals 
exhibited no abnormal behavior during daily monitoring.

Biomechanical results and BMD. The median BMD values 
and biomechanical stability at week 8 were highest in group 4 
(flap + β‑TCP scaffold + MSCs/EPCs) compared to all the other 
groups. However, as regards group 4, this was only significant 
compared to group 3 (ligated flap + β‑TCP scaffold). The 
median BMD values and stability in group 4 (flap + β‑TCP 
scaffold  +  MSCs/EPCs) were higher when compared to 
group 2 (flap + β‑TCP scaffold), although not significantly. 
Stability was significantly higher in group 4 (flap + β‑TCP 
scaffold + MSCs/EPCs) in comparison to group 3 (ligated 
flap + β‑TCP scaffold), in which no stability was observed 
at all. In addition, group 1 (flap) and group 2 (flap + β‑TCP 
scaffold) presented higher biomechanical stability compared 
to group 3 (ligated flap + β‑TCP scaffold). BMD was found to 
be significantly lower in group 3 (ligated flap + β‑TCP scaf-
fold) compared to group 1 (flap) and group 4 (flap + β‑TCP 
scaffold + MSCs/EPCs), and lower (although not significantly) 
compared to group 2 (flap + β‑TCP scaffold) (Fig. 2).

Gross histological analysis. A thick bony flap was found in 
group 1 (flap alone) and bone began to grow into the defect zone 
originating from the flap. However, no healing was observed 
after 8 weeks. A calcified flap was also observed in group 2 
(flap + β‑TCP) similar to group 1. Furthermore, signs of bone 
formation could be found in the defect zone. However, in group 3 
(ligated flap + β‑TCP), the flap appeared completely necrotic and 
no signs indicating bone healing were observed. Fibrous, loose 
tissue formed in the defect instead, and signs of infection were 
present in two bones. In group 4 (flap + β‑TCP + MSCs/EPCs) a 
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thick calcified flap was detected and bone formation was found 
throughout the entire defect zone (Fig. 3A‑D).

Bone formation and healing. Bone formation was observed in 
close proximity to the periosteal flap in all cases at 8 weeks, 

Figure 1. (A) Principal of vascularized periosteal flap transfer into the stabilized large bone defect. A vascularized periosteal flap prepared and pivoted into the 
bone defect is shown. The filling of the bone defect depends on the respective group assignment. Phase contrast images of (B) MSCs and (C) EPCs isolated from 
donor rats. MSCs were harvested from femoral bone marrow and EPCs were harvested from rat spleen from donor SD rats as described in the ʻMaterials and 
methods .̓ MSCs of the sixth culture passage (P6) and EPCs of the first passage were used for the experiments. MSCs mainly demonstrated a spindle‑shaped 
morphology, whereas EPCs grew into a typical cobblestone‑like pattern. (D) Fluorescence microscopic composite image of MSCs and EPCs seeded on a 
β‑TCP scaffold is presented. EPCs were pre-stained with DiLDL and appear orange, MSCs were stained with DAPI and appear blue. (E) Calcium deposition 
of osteogenic differentiated MSCs as measured by von Kossa staining. Calcified areas are shown in black. White bar indicates (B and C) 100 µm, (D) 200 µm, 
(E) 400 µm. MSCs, mesenchymal stem cells; EPCs, endothelial progenitor cells.

Figure 2. (A) BMD and (B) biomechanical stability were evaluated in the defect area 8 weeks after surgery by µCT. Values of BMD were significantly decreased 
in bone defects treated with the ligated periosteal flap in comparison to animals receiving the vascularized periosteal flap respectively periosteal flap supple-
mented with β‑TCP combined with MSC and EPC. (B) Ultimate load of the defect zone was determined by three‑point bending test. *P<0.05. BMD, bone mineral 
density; MSCs, mesenchymal stem cells; EPCs, endothelial progenitor cells.
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except for defects treated with flaps with ligated vascular 
pedicles. In groups 1, 2 and 4, with varying degrees, new bone 
formation could be seen protruding from the flap, as well as 
in the defect zone. Histological analysis of osteocalcin immu-
nostained slides confirmed this observation, demonstrating 
a close correlation between the periosteal flap and cortical 
bone formation in all cases at 8 weeks. All defects treated 

with vascularized flaps revealed thick bony tissue formation 
(groups 1, 2, 4). Bone density, thickness and integration into 
the defect zone were visibly greater in group 4 (flap + β‑TCP 
scaffold + MSCs/EPCs). By contrast, in animals in which the 
vascular pedicle of the periosteal flap was ligated (group 3), 
minimal bone formation was observed at the defect, and the 
periosteal flap was found to be completely reabsorbed. Finally, 

Figure 3. Representative osteocalcin-stained histological slides of the 
defect zone 8 weeks after surgery. Histological slides of the femur defect 
of (A) group 1 (periosteal flap), (B) group 2 (periosteal flap + β‑TCP), 
(C) group 3 (ligated periosteal flap + β‑TCP and (D) group 4 (periosteal 
flap + β‑TCP + MSCs + EPCs) are shown. Brownish color indicates osteo-
calcin‑positive areas. The vascularized periosteal flap demonstrates a high 
degree of osteogenic differentiation. Pronounced osteogenic differentiation in 
the defect zone was seen in (A) group 1 and (B) group 4, whereas (C) minimal 
bone formation and resorption of the periosteal flap was seen, if the periosteal 
flap was ligated. Defect size is 5 mm. (E) Schematic overview over the defect 
zone is shown. Original defect size is 5‑6 mm. Red bar indicates a distance 
of 2 mm. (F) Representative µCT images taken from the defect zone 8 weeks 
after surgery. BM, bone marrow; CB, cortical bone; VPF, vascularized perios-
teal flap; LigPF, ligated periosteal flap; MSCs, mesenchymal stem cells; EPCs, 
endothelial progenitor cells.
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β‑TCP resorption appeared to be more advanced in these 
animals (Fig. 3A‑E).

The results observed in histological analysis were 
confirmed by µCT‑analysis. In groups 1, 2 and 4, the thick 
bony flap and increased healing were observed in the defect, 
while in group 3 (ligated vascular flap), only loose non‑calci-
fied tissue was observed (Fig. 3F).

Vascularization. A highest density of blood vessels was 
observed in group  4 (flap  +  β‑TCP  +  MSCs/EPCs) and 
the values were significantly increased in comparison to 
group 3 (ligated flap), but not to group 1 (flap) and group 2 
(flap + β‑TCP) (Fig. 4A‑E).

Proliferation and inflammation. Proliferating cells were 
detected by Ki‑67 immunostaining. The greaterst amounts 
of proliferating cells were observed in group 4 (flap + β‑TCP 
scaffold  +  MSCs/EPCs). The percentage of proliferating 
cells was significantly higher in group  4  (flap  +  β‑TCP 

scaffold + MSCs/EPCs) in comparison to all the other groups 
after 8 weeks at the medial and the lateral defect side (Fig. 5A‑F).

HLA‑DR was used to reveal signs of infection. The 
amount of inflammatory cells was highest in group 3 (ligated 
vascular pedicle) in comparison to all the other groups and 
significantly higher compared to group 1 (flap) and in trend 
towards group 2 (flap + β‑TCP scaffold) (P=0.056) at the 
lateral side of the defect. At the medial side where the flap is 
located, the numbers of inflammatory cells were significantly 
increased in group 3 (ligated vascular pedicle) compared to 
group 1 (flap) and group 2 (flap + β‑TCP scaffold). A detailed 
view revealed that HLA‑DR‑positive cells were not evenly 
distributed in the tissue of the defect zone, but had accumu-
lated around the β‑TCP granules (groups 2 and 4), whereas an 
extensive distribution of inflammatory cells was observed in 
group 3 (ligated periosteal flap). The formation of multinucle-
ated giant cells in contact to the β‑TCP‑scaffold was partly 
observed in group 2 (flap + β‑TCP) and group 4 (flap + β‑TCP 
scaffold + MSCs/EPCs) (Fig. 6 and Table I).

Figure 4. Vascularization in the defect area 8 weeks after surgery as determined by immunohistological evaluation of CD31-stained histological slides. (A) Values 
are presented as blood vessel density per µm². Representative histological slides of the medial side of the femur defect of (B) group 1 (periosteal flap), (C) group 2 
(periosteal flap + β‑TCP), (D) group 3 (ligated periosteal flap + β‑TCP) and (E) group 4 (periosteal flap + β‑TCP + MSCs + EPCs) 8 weeks after surgery are 
shown. Blood vessels are indicated by arrows. Red bar represents 100 µm. *P<0.05. MSCs, mesenchymal stem cells; EPCs, endothelial progenitor cells.
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Figure 5. Proliferative activity in (A) the medial and (B) the lateral aspect 
of the defect zone as determined by Ki‑67 immune staining. Histological 
score values are presented (1, weak proliferative activity; 4, high proliferative 
activity). (C‑G) Representative histological slides are shown. Ki‑67‑positive 
nuclei were identified by a more blackened staining [as exemplarily marked by 
blue arrows in (C)]. (G) Isotype control is shown. Red bar represents 25 µm. 
*P<0.05.

Figure 6. HLA‑DR expression in (A) the medial and (B) the lateral aspect of 
the defect area 8 weeks after periosteal flap transfer as measured by histo-
morphometric evaluation of HLA‑DR immune histochemistry. HLA‑DR is 
expressed on activated immune cells and indicates inflammatory processes. 
Significantly increased HLA‑DR expression was observed, if the perios-
teal flap was ligated. (C‑F) Representative histological slides are shown. 
HLA‑DR‑positive cells accumulate predominantly in direct vicinity to the 
β‑TCP granules. (F) Formation of multinucleated giant in contact zone to 
the β‑TCP granules is exemplarily shown. Red bar represents (C‑F) 200 µm, 
(G) 25 µm. Arrows indicate accumulations of (C‑F) HLA‑DR‑positive cells 
and (G) giant cells. *P<0.05.
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Discussion

Autologous bone grafts continue to be the ʻgold standardʼ 
for the treatment of large bone defects. Their effectiveness 
has been attributed to the bone‑ and vessel‑forming cells and 
growth factors they contain and furthermore to their 3D struc-
ture which helps bridge the gap left due to missing bone tissue. 
Most new treatments developed to substitute autologous bone 
grafts have been designed to emulate these qualities with the 
goal of matching or exceeding their effectiveness. With this 
goal in mind, in the present study, we tested a combination of 
bone and vessel forming cells, a 3D scaffold and a vascularized 
periosteal tissue flap in a rat femur critical size defect model.

In the present experiments, our vascularized periosteal 
flap provided periosteal tissue itself, with its recognized 
role in bone growth and repair, a rich blood supply and its 
3D scaffold‑like structure that bridged the gap between the 
proximal and distal femur bone/periosteum on either side of 
the defect. The periosteum plays an important role in bone 
healing. In larger bone defects the periosteum of the distal 
and proximal edges of the defect grow towards one another 
in an attempt to bridge the gap resulting from missing bone. 
However, when the defect is too large and the distance between 
the distal and proximal defect edges is too great, the ability of 
the periosteum to bridge the gap is overpowered and healing is 
delayed or does not occur at all. In these cases, by providing a 
connection between the periosteum at the distal and proximal 
edges of the defect, a periosteal flap can help to span the gap 
and in doing so promote healing. Periosteum can be trans-
planted as a whole tissue on a vascular pedicle, when placed 
in a large bone defect, and provides the following properties: 
its bone growth/repair capabilities, a rich blood supply, and 
its 3D structure that serves as a scaffold upon which locally 
generated, systemically derived or transplanted stem cells 
and/or growth factors can adhere. Taking advantage of all 
these properties, vascularized periosteal flaps have been used 
successfully to treat difficult cases of persistent pseudarthrosis, 
radiation and avascular necrosis and even large bony defects 
created by debridement of osteomyelitis, pseudarthrosis and 
infections (12,42,43).

In the present study all animals treated with vascular-
ized periosteal flaps exhibited a significant increase in bone 
formation in the defect, as measured quantitatively by an 
increase in BMD and evaluated qualitatively by osteocalcin 

immunostaining when compared to group 3 in which the 
vascular pedicle was ligated. This effect was greatest in the 
defects treated with MSCs, EPCs and β‑TCP scaffold, and 
to a lesser degree in those that received scaffold solely. As a 
limitation to mention, no additional staining was performed 
to provide more information regarding tissue composition. 
This would be an interesting approach for further studies.

These findings coincide with those of Vögelin et al, who 
found in a similar rat femur critical-sized defect model that the 
combination of OPLA‑HY scaffold, rhBMP‑2 and a vascular-
ized periosteal flap resulted in new callus formation and bony 
bridging (12).

In another study, Camilli and Penteado harvested a peri-
osteal flap from the medial femoral condyle, created a pouch 
with it and filled it with cortical bone in one group. One out of 
each group was connected to the femoral bone and the other 
part was buried in soft tissue. They described that the presence 
of a periosteal flap, adjacent to living cortical bone, favours 
bone formation in contrast to the ones buried in soft tissue. 
This effect was even greater if the pouch was additionally 
filled with cortical bone (44).

In the present study, to differentiate between the role played 
by the blood supply of the flap vs. the periosteal tissue itself, in 
one group, after lifting and transferring the flap into the bone 
defect, we ligated its vascular pedicle. Not surprisingly, we 
found that instead of newly formed bone, the defect contained 
necrotic fibrous tissue. In addition, in this group of animals, we 
observed an accumulation of activated HLA‑DR-expressing 
cells and plate loosening. These observations highlight the 
important role which the flap blood supply plays in bone 
healing and the prevention of overwhelming inflammation that 
is probably caused by the necrotic tissue.

A margin of inflammatory cells was observed around 
the β‑TCP granules in groups 2 and 4. The accumulation of 
inflammatory cells, and the generation of multinucleated 
giant cells should be rated as a foreign body response as it is 
being triggered by various β‑TCP scaffolds as described by 
Ghanaati et al (45).

In the present study, we used β‑TCP scaffold to fill the phys-
ical gap created by missing bone in our rat femur critical-sized 
defect model. While their constitution is not comparable to the 
osteoconductive and osteoinductive nature of autologous bone, 
bone graft substitutes do eliminate donor‑site morbidity and 
material limitations (5,46). We chose this particular scaffold 

Table I. P‑value overview.

Group comparison	 BMD	 Force	 CD31	 Ki‑67 med.	 Ki‑67 lat.	 HLA med.	 HLA lat.

Flap vs. flap + β-TCP	 0.31	 0.53	 0.92	 0.64	 0.23	 0.56	 0.53
Flap vs. flap + lig	 0.02	 0.8	 0.44	 0.52	 0.81	 0.001	 0.01
Flap vs. flap + MSCs + EPCs	 0.56	 0.14	 0.12	 0.003	 0.0003	 0.16	 0.27
Flap + β-TCP vs. flap + lig	 0.22	 0.38	 0.62	 0.89	 0.37	 0.008	 0.056
Flap + β-TCP vs. flap + MSCs + EPCs	 0.11	 0.44	 0.21	 0.003	 0.016	 0.39	 0.59
Flap + lig vs. flap + MSCs + EPCs	 0.005	 0.007	 0.036	 0.001	 0.0003	 0.13	 0.24

Significance is determined as P<0.05. BMD, bone mineral density; force, biomechanical stability force; lat., laterial; med., medial; MSCs, 
mesenchymal stem cells; EPCs, endothelial progenitor cells. CD31, Ki‑67 and HLA indicate staining with the respective antibodies.
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as in previous in vitro studies, we compared several different 
commercially available bone graft substitutes in combination 
with MSCs + EPCs and found β‑TCP to be superior compared 
to other synthetic biomaterials in its osteoconductive and 
osteoinductive properties (number of invading cells, cell loca-
tion, differentiation rate and potential) (3,20,47).

In previous experiments, using the same rat model, we 
demonstrated that MSCs promote bone healing. Moreover, by 
adding EPCs and MSCs, we demonstrated a further improve-
ment in bone healing. In mechanically unstable breaks, the 
lack of vasculature causes the bulk of the MSCs to develop 
into bridging cartilage that eventually spans the defect and 
then is further stabilized by a surrounding bony bridge. It is 
therefore necessary not only to provide sufficient number of 
MSCs in the bone defect zone, but also vascularity and EPCs 
to promote direct callus formation. We showed that MSCs 
alone caused an increase of new bone mass, whereas adding 
EPCs resulted in both increased bone mass and improved 
angiogenesis probably mediated by the release of VEGF 
through EPCs (17‑19).

Additionally, it has been reported that human MSCs 
secrete a distinct set of cytokines constitutively, such as VEGF, 
interleukin (IL)‑6 or transforming growth factor  (TGF)‑β, 
which stimulate reparative events and inhibit degenerative 
events (48‑50). Thus, conceivably, MSCs could exert thera-
peutic effects by this cytokine secretory activity alone. For 
example, it has been described that ʻmesenchymal stem cells 
support migration, extracellular matrix invasion, proliferation, 
and survival of endothelial cells in vitroʼ by the secretion of 
VEGF, basic fibroblast growth factor  (bFGF), angiogenin, 
procathepsin B, IL‑11, and BMP‑2 (51).

The combined secretion of various growth factors through 
MSCs and EPCs might be the reason for the elevated prolif-
erative activity as an indicator for an increased regenerative 
response observed in group 4 (flap + β‑TCP + MSCs/EPCs) of 
the present study.

Hence, in comparison to other studies on bone healing 
where only BMP was added to a periosteal flap (12), the bone 
healing response in the present study benefits additionally 
from the cytokine secretory capabilities of MSCs and EPCs.

In this study, we found similar results for bone healing 
in the groups with the flap alone and when MSCs/EPCs are 
added. We can therefore assume that the vascularized flap 
already seems to bring the most important characteristics with 
it. This emphasizes the role of the periosteum which includes 
a wide range of stem cells as mentioned earlier and the vascu-
larization.

Proliferating cells represented by Ki‑67 staining showed 
significantly highest amounts in group 4  (flap + β‑TCP + 
MSCs/EPCs) in comparison to all the other groups. Since 
BMD and biomechanical stability were highest in this group 
we assume a direct correlation to these proliferating cells. It 
is not absolutely clear what type of cells are represented by 
Ki‑67 staining. They are probably the highly active MSCs 
themselves, but also osteoblasts since they can also be found 
in the callus directly (52).

In conclusion, we combined MSCs, EPCs, β‑TCP scaf-
fold and a vascularized periosteal flap in the present study to 
improve osteoconductive and osteoinductive qualities inher-
ently present in autologous bone grafts.
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