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Bone allografts combined with adipose-derived stem cells in an
optimized cell/volume ratio showed enhanced osteogenesis
and angiogenesis in a murine femur defect model
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Abstract
Critical sized defects, especially in long bones, pose one of the biggest problems in orthopedic surgery. By definition, these
defects do not heal without further treatment. Different therapeutic options range from autologous bone grafts, for example, free
vascularized bone grafts, to commercially available bone allografts. Disadvantages of these bone allografts are related to reduced
osteogenesis, since they are solely composed of cell-free bone matrix. The purpose of this study was to investigate the cell
seeding efficiency of human adipose-derived stem cells (hASCs) on human bone allografts in vitro and furthermore analyze these
optimized seeded allografts in a critical sized defect model in vivo. Cancellous human bone allografts were colonized with human
ASCs in vitro. Cell seeding efficiency was evaluated by Cell Counting Kit-8 assay. Thereafter, optimized hASC-seeded bone
scaffolds were examined in a murine femur defect model, stabilized with the MouseExFix system. Subsequently, x-ray analysis
and histology were performed. Examination of cell seeding efficiency revealed an optimum starting population of 84,600 cells
per 100 mm3 scaffold. In addition, scaffolds seeded with hASCs showed increased osteogenesis compared with controls.
Histological analysis revealed increased remodeling and elevated new bone formation within hASC-seeded scaffolds.
Moreover, immunohistochemical stainings revealed increased proliferation, osteogenesis, and angiogenesis. In this study, we
systemically optimized cell/volume ratio of two promising components of tissue engineering: hASCs and human bone allografts.
These findings may serve as a basis for future translational studies.
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Introduction

Since the development of new tissue engineering techniques,
progress has been made concerning critical sized defects in
long bones. The use of scaffolds for bone replacement therapy
has evolved over the past decade, utilizing a great variety of
different scaffold materials [1–21], for example, collagen, chi-
tosan, silk, alginate, hyaluronic acid, peptide hydrogels, and
synthetic polymers like calcium phosphate and bioglass. All
of these different scaffolds show adequate osteoconductive
and biocompatible properties, but are limited in their usage
due to lack of mechanical strength [22]. Moreover, scaffolds
composed of synthetic materials are not osteoinductive or os-
teogenic by themselves [23]. Some of these disadvantages can
be overcome by human bone allografts. Besides the fact that
these cell-free and therefore biocompatible bone allografts are
commercially available in adequate numbers, they provide
both good osteoconductive properties and mechanical
strength and show adequate osteointegration [22, 24].
Contrarily, potential immunogenic reactions of implanted al-
lografts caused by activation of the major histocompatibility
complex (MHC) have been described, which can lead to apo-
ptosis of infiltrating osteoprogenitor cells. [25]. Moreover, the
use of bone allografts poses the risk of viral transmission,
which could already be improved by modern tissue banks
[26].

It is well-accepted that all scaffolds, despite their different
basic materials, fall short when it comes to new bone forma-
tion within the scaffold. This is mainly attributable to the lack
of living cells. Therefore, combining suitable scaffolds with
multipotent stem-cell populations is one promising option to
solve this problem [22, 24, 27, 28]. In this context, particular
attention has already been paid to adipose-derived stem cells
(ASCs). They are easily accessible and available to an almost
unlimited amount. Studies suggest that bone allografts com-
bined with ASCs could improve osteogenesis and angiogen-
esis [28, 29]. Although the combination of ASCs and bone
allografts seems promising for bone replacement therapy, only
little is known about the seeding efficiency of mesenchymal
stem cells and scaffolds with an optimized cell/volume ratio.
Therefore, this study aimed to examine different numbers of
ASCs seeded on bone allografts in order to identify the most
efficient cell/allograft ratio. Moreover, optimized hASCs-
seeded scaffolds were tested in vivo in a murine femur defect
model.

Methods

In order to examine scaffolds co-cultured with ASC’s for bone
replacement therapy, our first aim was to analyze and optimize
cell seeding efficiency. Therefore, we analyzed human

allogenic spongiosa chips seeded with undifferentiated human
ASCs in vitro.

Utilizing the ideal ratio of cells and volume, we subse-
quently studied the bone regeneration capacity of these seeded
scaffolds in a murine animal model in vivo.

Isolation and characterization of human ASCs

All experiments were performed in adherence to the institu-
tional ethical review board with the permit number 4689-13.

For isolation of adipose-derived stem cells, fat tissue from
seven male and female patients was used (age 32–49 years).
The fat tissue was obtained from abdominoplastic surgery.
The selected patients had no relevant diseases and were all
non-smokers.

After separation of subepidermal fat tissue from dermis and
disintegration, specimens were incubated with collagenase IV
solution.

After filtration and centrifugation of the suspension, cells
were resuspended in lysis buffer for lysis of erythrocytes.
After stopping lysis with DMEM-medium (DMEM + 45%
Ham’s F12 + 1% penicillin, streptomycin + 10% FCS), cell
suspension was again centrifugalized. Cell pellets were resus-
pended in medium subsequently and cells were seeded on cell
culture plates (5% CO2, 37 °C). For further characterization of
the isolated cell population, we performed FACS analysis. To
prevent non-specific binding, Fc receptors were blocked with
anti-CD16/CD32 antibodies (BD Pharmingen, San Diego,
USA) before cells were stained with antibodies against
CD90, CD14, CD45, CD34, CD105, and CD11b. Flow cy-
tometry was carried out using BD LSRFortessa and corre-
sponding software to compensate fluorescence intensity of
antibodies. Results of FACS analysis indicated 95% mesen-
chymal stem cells within used cell population.

Results are presented as the mean of at least 7 independent
experiments utilizing hASCs of all seven donors.

Seeding of scaffolds

For all experiments, human cancellous bone scaffolds
(GT2803, DIZG, Berlin, Germany) were utilized. Isolated hu-
man adipose-derived stem cells were counted with CASY-Ton
system (Omni-life science, Bremen, Germany) right before
seeding of the scaffolds. First, scaffolds were placed in 24-
well plates and seeded with 60 μl FCS containing 0 to
500,000 cells subsequently. Finally, 1 ml of medium was
added and scaffolds were returned to the incubator.

For cell proliferation in vitro experiments (P1) and in vivo
experiments, cells were incubated in standard medium.

For osteogenic differentiation in vitro experiments (P2),
cells were incubated in osteogenic differentiation medium
(DMEM + 10%FCS + 45%Ham’s F12 + 1% penicillin, strep-
tomycin + 10 mM betaglycerolphosphate + 5 nM
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dexamethasone + 150 μM ascorbic acid) in order to perform
histological analysis of the seeded scaffolds.

Analysis of vital cell number

In order to examine the seeding efficiency of scaffolds, differ-
ent starting cell populations were evaluated within the first
phase of in vitro experiments (P1). Scaffolds with a capacity
of 295.5 mm3 were placed into 24-well plates and seeded with
0, 10,000, 50,000, 100,000, 200,000, 250,000, 300,000, and
500,000 cells as described above. Number of vital cells was
evaluated on day 0, 1, 7, 14, and 21 after initial cell seeding,
using cell counting kit 8 (Sigma Aldrich, St. Louis, USA)
according to the manufacturer’s instructions. On designated
time points, scaffolds were incubated in 700 μl PBS contain-
ing 70 μl of CCK-8 reagent for 3 h at 37 °C and 5% CO2.
Then 100 μl was pipetted into 96-well plate and extinction
was measured at 450 nm.

Animal model

All experiments were performed in adherence to the National
Institute of Health guidelines for the use of experimental ani-
mals and after approval by the German legislation.

The protocol was approved by the LANUV (NRW,
Germany; Permit-Number: AZ 84-02.04.2013.A362). For
in vivo experiments, 12-week-old male and female athymic
CD1 mice (Charles River (Wilmington (MA), USA)) were
used. Surgical steps were performed, as previously described
[30].

Briefly, a skin incision was performed along the lateral
upper leg, exposing the greater trochanter. Then a second in-
cision was performed along the fascia lata and the quadriceps
femoris muscle was mobilized to expose the femur.
Thereafter, the first pin hole (0.45-mm diameter) was drilled
into the distal femur. The first pin, inserted into plastic body of
external fixation device, was then placed into the hole pene-
trating the lateral and medial cortex of the femur. Finally, three
holes were drilled and pins were inserted into the remaining
holes of the plastic device, placing the external fixation de-
vice. Thereafter, two Gigli wires were placed around the fe-
mur within the preformed saw guide of the plastic body and a
defect of 3 mm was cut into the femur. Thereafter, scaffolds
prepared with ASCs (experimental group) and PBS (control
group) were placed into the defect. Then, the quadriceps
femoris muscle was reapproximated and skin was sutured.

Mice were sacrificed after 48 h and 8 weeks and femurs
were taken for histological and x-ray analysis. A total of 25
animals were used for experiments with a minimum of four
animals per group.

Figure 1 summarizes the surgical procedures performed.

Histology, immunohistochemistry,
and immunofluorescence

For histological analysis, bone specimens and scaffolds
were harvested and fixed in 4% paraformaldehyde solu-
tion, decalcified in 19% EDTA solution, and finally par-
affin embedded. Thereafter, specimens were longitudinal-
ly sectioned with a microtome at 9 μm. Thereafter,
Aniline blue staining was performed after standard proto-
cols and stained pixels were counted semiautomatically,
using Adobe Photoshop, as previously described [31–33].
In order to distinguish between newly formed bone and
the scaffold itself, we performed combined Aniline blue
and immunohistochemical stainings against osteocalcin as
described below.

Moreover, HE stainings were performed after standard
protocols. For detection of apoptotic cells, in situ cell
death detection kit (Roche Diagnostics, Mannheim,
Germany) was used according to the manufacturers’
instruction.

Additionally, immunohistochemical stainings were per-
formed, using primary antibody against osteocalcin anti-
mouse (Santa Cruz Biotechnologies, Dallas, USA), CD31
anti-mouse (BD Pharmingen, San Diego, USA), CD31
anti-human (DAKO, Santa Clara, USA), mitochondria
anti-human (Abcam, Cambridge, UK), PCNA anti-mouse
(Santa Cruz Biotechnologies, Dallas, USA), and
Vectastain ABC Kit (Vector Laboratories, Burlingame,
USA). For antigen unmasking, Proteinase K was used.
Then incubation with 3% hydrogen peroxide solution
was followed quenching endogenous peroxidase activity.
After blocking specimens with normal blocking serum,
primary antibody was subsequently applicated and incu-
bated overnight at 4 °C. Thereafter, secondary antibody
conjugated to horseradish peroxidase (HRP) was used and
staining reaction was performed by use of NovaRED
(HRP) Peroxidase Substrate Kit (Vector Laboratories,
Burlingame, USA).

Immunofluorescent stainings were performed using pri-
mary antibodies against RUNX2 anti-mouse (Santa Cruz
Biotechnologies, Dallas, USA). First steps were per-
formed similar to immunohistochemical staining until ap-
plication of primary antibody. Then, samples were incu-
bated with secondary antibody conjugated to Alexa
Fluor594 (Thermo Fisher Scientific, Waltham, USA).
Finally, images were taken with Zeiss Axioplan
microscope.

Statistics

Results are presented as mean ± standard deviation (SD)
of at least three independent experiments. Student’s t test
was used calculating p value, comparing two groups. For
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comparison of more than two groups, ANOVA was used.
For post hoc analysis, Tukey’s test was used. Statistical
significances were set at a p value < 0.05.

Results

Vital cell population of scaffolds increases
with starting cell number

In order to examine cell-seeded scaffolds with ideal con-
ditions in vivo, we first had to determine the optimal
starting cell number. In groups with initial seeding cell
numbers between 10,000 and 250,000 cells, a statistically
significant increase of vital cells could be observed from
day 0 to day 21 (see Fig. 2). Interestingly, final cell num-
bers at day 21 of groups with starting seeding cell num-
bers between 250,000 cells and 500,000 showed no sta-
tistically significant differences (Fig. 2b). Moreover, com-
paring cell numbers at day 21, statistically significant dif-
ferences in vitality could be found between a starting
population of 50,000 and 250,000 cells (Fig. 2a–d).
Furthermore, a distinct vitality increase of cell numbers

at day 21 could be observed between 200,000 and
250,000 cells, however not statistically significant.

High starting populations create densely populated
scaffolds

After examining different starting populations over a period of
time, we were interested how seeded stem cells populate the
scaffolds. Thus, HE stainings, as well as DAPI and TUNEL
stainings, were performed to have a more detailed look on cell
colonization.

As expected, higher starting cell numbers created scaffolds
densely populated with cells. Comparing 10,000 cells and
250,000 cells in HE staining (see Fig. 3a–c), remarkable dif-
ferences could be observed, i.e., almost absence of cells on the
one hand and thick cell bonds on the other. These cell bonds
were also localized between the trabeculae (Fig. 3c).

DAPI and TUNEL stainings confirmed these observations,
displaying only scattered apoptotic cells in group of 100,000
and 250,000 cells (Fig. 4). Interestingly, these TUNEL posi-
tive signals could only be found localized directly on the scaf-
folds and not adjacent to them, indicating vivid cells adjacent
to the scaffolds.

Fig. 1 Surgical procedures of
femoral defect model. The right
femur was stabilized via Mouse
ExFix System (RIS-Systems) and
3 mm defect was created.
Thereafter, hASC seeded scaffold
was placed into defect
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Combination of hASCs and scaffolds increase new
bone formation in vivo

Findings from our in vitro examinations presented
above lead to an optimal starting population of

250,000 cells per scaffold, resulting in a ratio of
84,600 cells/100 mm3.

In order to investigate, how these optimized
hASCs-seeded scaffold regenerate bone in vivo, they
were implanted in critical sized defects of athymic

Fig. 2 a–dCell vitalitiy evaluated
by CCK-8 kit. Scaffolds were
seeded with different starting cell
populations between 0 and
500,000 cells of seven different
donors. Cell vitality was mea-
sured at days 0, 1, 7, 14, and 21
and average of all donors is
shown. Interestingly, number of
cells measured at day 21 could
only be raised up to 250,000 cells.
Cell vitality of different groups at
21 days showed statistically sig-
nificant differences between
50,000 and 250,000 cells. *P
value < 0.05, **P value <0.01;
n.s. stands for not significant
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nude mice. New bone formation evaluated by Aniline
blue staining showed a highly significant elevation in
hASC group, compared with control (see Fig. 5).
Comparing scaffold structures of hASC and control
groups, combination of stem cells could significantly
improve integration of scaffolds into bony defects.

Moreover, immunohistochemical stainings with pri-
mary antibody against Runx2 and osteocalcin showed
enhanced osteoblastogenesis and elevated number of os-
teoblasts in experimental group compared with control
(Fig. 6).

Applicated hASCs differentiate into endothelial cells

Immunohistochemical stainings were performed against
mouse and human CD31 and human mitochondrias to track
the transplanted human stem cells and investigate angiogenic
differentiation. Interestingly, stainings with primary antibod-
ies against CD31 showed endothelial differentiation for
mouse as well as human cells. This indicates paracrine as well
as cell-autogous effects of hASCs on angiogenesis in this
model (Figs. 6 and 7). In PCNA stainings, significant differ-
ences of seeded and unseeded scaffolds could be seen at 48 h

Fig. 3 HE staining of cell-seeded
scaffolds. Lower starting cell
populations showed hardly any
cells located on the scaffold after
observation period (a). Higher
cell numbers could form thick cell
layers on the scaffold (b, c).
Images of HE stainings were tak-
en at × 20 magnification
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Fig. 4 DAPI and TUNEL stainings of low and high cell numbers.
Stainings of lower cell numbers revealed scant vital cells on scaffold
(A) in comparison with higher cell numbers (B, C). Interestingly, vital

cells stained by DAPI seemed to surround the scaffolds (indicated by red
arrows) while TUNEL positive signals were only located on the scaffold
(indicated by gray arrows). Images were taken at × 20 magnification

Fig. 5 Aniline blue, osteocalcin stainings, and x-ray scans of hASC-seeded and unseeded scaffolds.
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and 4 weeks. Interestingly, PCNA signal of seeded scaffolds
dropped over time course (see Fig. 6). Moreover, stainings
against human mitochondrias (hmito) showed increasing sig-
nal over time in the hASC-seeded scaffold group, whichmight
be related to increased numbers of hASCs within the scaffold
after 4 weeks (Fig. 7). Of note, hmito stainings of unseeded
scaffolds showed no signal (data not shown).

Discussion

Given the challenges encountered by critical sized defects in
long bones, caused by trauma, tumors, or severe infections,
there is an urgent and so far unmet need for sufficient recon-
structive options. As bone allografts pose excellent
osteoconductive qualities, combinedwith mechanical strength
[22, 34], it seems reasonable to use their natural reconstructive
capacity and enhance the osteoinductive outcome by combin-
ing them with mesenchymal stem cells. Therefore, this study
focused on an optimized cell/volume ratio of ASCs and bone
allografts and moreover evaluated the cell conductivity and

the regenerative capacity of bone allografts, examined by
new bone formation, angiogenesis, and cell proliferation.

Searching for an adequate scaffold for bone replacement
therapy, Seebach et al. compared different biological and syn-
thetic scaffold materials [34]. Interestingly, bone allografts
showed best characteristics regarding cell conductivity as op-
posed to all other scaffolds, presumably because of the
collagen-fiber structure. Based on these findings, we used
spongiosa chips seeded with ASCs as this combination
seemed to be superior to synthetic scaffold materials regarding
bone replacement therapy. Furthermore, in comparison with
other mesenchymal stem cells, ASCs are easily obtainable to
an almost unlimited extend with only little donor site morbid-
ity [35].

Thus, it was the aim of this study to identify the ideal
number of ASCs combined with bone allografts and examine
the bone healing capacity based on these findings, in vivo.

Within the first phase of experiments, we could show that a
ratio of 84,600 cells per 100 mm3 scaffold is advantageous for
vital cell population and cell seeding efficiency. A further
increase in initial cell population showed no further benefit,
regarding the vital cell population at the end of observation
period. Moreover, the subsequent histological analysis of
seeded scaffolds could demonstrate the population of cells
on the surface of scaffolds in vital cell layers and an even
distribution along the surface of the scaffold.

Interestingly, scaffolds with optimized cell seeding num-
bers showed vital cells between the trabeculae of the scaffolds.

There are some studies evaluating positive effects of bone
allografts combined with stem cells [24, 29] but none of these

Fig. 7 Immunohistochemical stainings against human antigen of seeded
and unseeded scaffolds. Antibody against human mitochondrias (hmito)
showed increase of human cells within the scaffold, indicating prolifera-
tion of seeded human stem cells (a). Moreover, stainings against CD31-

human point to endothelial differentiation of stem cells (b). Black arrow
indicates CD31-positive cells. Results are shown as mean ± SD. P value:
* < 0.05. Images were taken at × 20 magnification; scale bar represents
50 μm

�Fig. 6 a–g Immunohistochemical stainings against mouse antigen of
seeded and unseeded scaffolds. Osteocalcin and RUNX2 stainings
depicted enhanced osteogenesis of hASC-seeded scaffolds in comparison
with unseeded control. Stainings with antibodies against CD31-mouse
revealed increased angiogenesis within the scaffold. Enhanced prolifera-
tion of seeded scaffolds was proven by PCNA staining. Results are shown
asmean ± SD. *P value < 0.05. ***P value < 0.001. Images were taken at
× 20 magnification; scale bar represents 50 μm
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studies systematically evaluated the ideal number of ASCs for
cell seeding of bone allografts.

Further studies looking for an adequate bone replacement
therapy, already provided growing evidence, that scaffolds
need to be combined with cells [36, 37].

Results of in vivo experiments showed elevated bone for-
mation within the hASC-seeded scaffolds compared with con-
trol. Moreover, immunohistochemical stainings indicated in-
creased osteogenesis induced by hASCs. Interestingly, the
amount of human cells increased over time, indicating a high
conductivity of bone allograft scaffolds.

Accordingly, Kloeters et al. [29] examined ASC-seeded
bone allografts in rabbits and were able to show the pro-
osteogenic effects of this co-culture. In addition, Schubert
et al. [38] examined bone allografts colonized with ASCs
and BMSCs in a murine ectopic implantation model.
Interestingly, osteogenic-differentiated ASCs in combination
with bone allografts seemed to be very promising for bone
graft substitutes. In contrast to our study, ASCs in this study
were differentiated osteogenically in vitro before transplan-
tation. Furthermore, different studies applying ASCs, not
only as co-culture, combined with bone allografts, but syn-
thetic scaffold materials for bone tissue engineering, indicat-
ed enhancement of osteogenesis and angiogenesis [28, 29,
39].

Potential disadvantages regarding the use of human bone
allografts are mainly related to concerns about potential trans-
mission of infectious diseases. In this context, HIV and hepa-
titis C constitute infections, which were particularly described
in the past [40]. As a crucial advantage of freeze-dried allo-
grafts compared with freshly frozen ones, they have been
proven to show less immunogenic potential and to date no
HIV infection [41].

Interestingly, we could detect human and mouse endothe-
lial cells within the seeded scaffold, so autocrine and paracrine
effects of transplanted stem cells, leading to an enhanced an-
giogenesis, could be discussed. Accordingly, Behr et al. ob-
served paracrine and cell-autonomous effects of VEGF-A-
treated hASCs leading to endothelial differentiation [42]. In
order to further validate these results, additional experiments
are needed as our results only show preliminary data, which
indicate endothelial differentiation of implanted hASCs.

One of the most promising synthetic scaffold materials β-
t r icalcium-phosphate showed good propert ies in
osteoconductivity and mechanical strength [34, 37].
However, focusing on osseointegration, the rapid absorption
of β-TCP also leads to a loss of the scaffold structure, as a
long-term follow-up study could show [43].

In light of the huge variety of different scaffold materials,
bone allografts co-cultured with ASCs pose a promising tech-
nique in the field of bone tissue engineering and will certainly
be of great interest in the near future. Moreover, stem cell-
seeded scaffolds could be used for bony defects in orthopedic

surgery in a potential one-step procedure containing stem cell
harvesting, scaffold seeding, and implantation in one surgery.

Recently, a further step was made, establishing stem cell-
based approaches into clinical therapy by Saxer et al. exam-
ining ceramic scaffolds with SVF cells taken from
lipoaspirates in hip fractures of elderly patients [44].

Besides that, clinical safety of application of ASCs in bone
replacement therapy has already been demonstrated [45]. In
conclusion, this study provides important findings about the
optimized cell/volume ratio which further support future stud-
ies establishing of ASC-seeded bone allografts for clinical
bone replacement therapy.

Seeded scaffolds showed extensively enhanced new bone
formation in comparison with unseeded scaffolds after an ob-
servation period of 4 weeks. Osteocalcin positive stainings are
indicated by black arrows (a). Histomorphometry revealed
highly statistically significant differences (b). X-ray scans of
seeded and unseeded scaffolds (c). Results are shown as mean
± SD. ***P value < 0.001. Images were taken at × 10 magni-
fication; scale bar represents 100 μm

Compliance with ethical standards

All experiments were performed in adherence to the National Institute of
Health guidelines for the use of experimental animals and after approval
by the German legislation. The protocol was approved by the LANUV
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phosphate buffered saline; EDTA, Ethylenediamine-tetraacetate; PCNA,
Proliferating-Cell-Nuclear-Antigen; RUNX2, Runt-related transcription
factor; DAPI, 4,6-diamidino-2-phenylindole; Tunel, TdT-mediated
dUTP-biotin nick end labeling; hmito, humanmitochondrias;HIV, human
immunodeficiency virus; VEGF, vascular endothelial growth factor; TCP,
tricalcium-phosphate; SVF, stromal vascular fraction
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