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Abstract
Background: The human body has an extensive capacity to regenerate bone tissue after trauma. However large
defects such as long bone fractures of the lower limbs cannot be restored without intervention and often lead to
nonunion. Therefore, the aim of the present study was to assess the pool and biological functions of human
mesenchymal stromal cells (hMSCs) isolated from different bone marrow locations of the lower limbs and to
identify novel strategies to prime the cells prior to their use in bone fracture healing. Following, bone marrow from
the ilium, proximal femur, distal femur and proximal tibia was aspirated and the hMSCs isolated. Bone marrow type,
volume, number of mononuclear cells/hMSCs and their self-renewal, multilineage potential, extracellular matrix
(ECM) production and surface marker profiling were analyzed. Additionally, the cells were primed to accelerate
bone fracture healing either by using acoustic stimulation or varying the initial hMSCs isolation conditions.
Results: We found that the more proximal the bone marrow aspiration location, the larger the bone marrow
volume was, the higher the content in mononuclear cells/hMSCs and the higher the self-renewal and osteogenic
differentiation potential of the isolated hMSCs were. Acoustic stimulation of bone marrow, as well as the isolation
of hMSCs in the absence of fetal bovine serum, increased the osteogenic and ECM production potential of the cells,
respectively.
Conclusion: We showed that bone marrow properties change with the aspiration location, potentially explaining
the differences in bone fracture healing between the tibia and the femur. Furthermore, we showed two new
priming methods capable of enhancing bone fracture healing.
Keywords: Bone marrow, hMSCs, Acoustic stimulation, Cell priming

Background
Musculoskeletal disorders affect the body’s muscles,
bones, joints, tendons, ligaments and nerves and are the
leading cause of chronic disabilities in adults [1]. Significant research efforts have been undertaken during the last
decades to ease this disability and improve patient’s mobility and quality of life. Bone fracture repairs have been
intensively investigated at both clinical and fundamental
level and still 5-10% of fractures resulted in either delayed
repair (delayed union) or no repair (nonunion) [2]. At
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present there are two primary treatment strategies: (1)
surgical intervention that implies the use of bone
autograft/allografts, demineralized bone matrix or synthetic materials and (2) noninvasive treatments such as
the application of acoustic energy shown to be beneficial
in fracture healing [3, 4]. Nevertheless, these strategies rely
on the patient’s own cells – either stem and/or committed- to induce bone regeneration, posing a challenge in
situation whereas those cells are missing and/or less
active. In these cases cell-based alternatives, such as the
use of human mesenchymal stromal cells (hMSCs) were
proposed [5].
In this study we explored the yield, proliferation, multilineage differentiation and extracellular matrix (ECM)
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production potential of hMSCs isolated from bone marrow (BM) aspirated from the lower limbs, such as the
ilium, proximal femur, distal femur and proximal tibia.
Additionally, we examined the inter- and intra-donor
variation between the BM-derived hMSCs from the
different locations. It has been shown that the nonunion
rate in bone fracture healing (BFH) differs with regard to
their location, with fractures at tibia diaphysis healing
slower (nonunion rate of 18.5% [6]) than fractures in the
femoral shaft (nonunion rate of 1.7% [7]). Accordingly,
we hypothesize that BM located at the fracture site
might play an important role in the fracture healing rate,
due to differences in cell number, self-renewal-, proliferative-, ECM production- and multilineage differentiation
potential.
Additionally, as cell-based therapies are already used
in musculoskeletal pathologies, such as bone fracture,
pseudarthrosis and osteochondral defects [8, 9], we explored the potential of priming BM-derived hMSCs towards the osteogenic lineage in order to accelerate
tissue regeneration upon reimplantation. We explored
two distinct priming strategies: (1) the use of acoustic
energy applied on BM and (2) varying the initial culture
conditions of the isolated hMSCs.
Ultrasound has been shown to have beneficial effects
on BFH showing an increase in bone formation [10, 11],
however not consistently [12–14]. Moreover, a 42%
acceleration in fracture healing in patients exposed to a
twenty minutes daily ultrasound treatment is still not
optimal [11]. Therefore, we believe that the use of
acoustically stimulated BM injected at the fracture site
might have a greater impact on BFH than the actual
standard ultrasound treatment. Mechanical stimulation
has been shown to pre-commit hMSCs towards the
osteogenic lineage [15] and thus we hypothesize that
acoustic energy applied directly on BM might induce the
commitment of hMSCs towards osteogenesis. It is clinically feasible and simple to apply a short period of acoustic stimulation on a BM aspirate during fracture surgery
after which the BM can be administrated to the fracture
site either in initial surgery during high risk cases or as
an adjuvant to revision surgery in case of pseudarthrosis.
Secondly, cell-based therapies often involve the in
vitro expansion of cells, where the isolation procedure
plays an important role in the selection of desired cell
population [16–18]. The isolation of hMSCs from BM is
mainly achieved by plastic adherence and it is recognized that both the number of mononuclear cells
(MNCs) plated and the culture media have a strong
influence on the selection of certain hMSCs populations
[19]. Accordingly, we hypothesize that low MNCs seeding density might select hMSCs with higher self-renewal
potential, while the use of serum free (SF) media might
select a hMSCs subpopulation with enhanced potency.
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The phenotype of the isolated hMSCs under the aforementioned conditions were compared to a previously
described isolation procedure [20].
Following, with this study we aimed to find the optimal ratio between aspirated BM volume and MNCs
concentration, to explain the difference in cell phenotype between the different BM locations of the lower
limb extremities and to propose new methods that could
accelerate BFH. A schematic overview of the
experimental design is presented in Fig. 1.

Methods
Aspiration of bone marrow

BM aspirates were obtained from patients undergoing
total hip arthroplasty (THA) or total knee arthroplasty
(TKA). An 8G Jamshidi BM needle fit with a 50-mL
Luer lock syringe containing 1 mL of 1,000 U heparin
per 10 mL BM was used to aspirate the BM.
Subsequently, the BM was transferred to blood collection tubes (BD-367526) for the transport from the
operating theatre to the laboratory. The BM was kept at
ambient room temperature until processed within the
same day.
BM was aspirated from four different locations: the supra
acetabular sulcus (ilium) in twelve donors, the medullary
cavity or lateral diaphysis of the femur (proximal femur) in
seven donors, and the epiphysis or medullary cavity from
the distal femur or proximal tibia in seven more donors.
Isolation and culture of hMSCs

BM aspirate was passed through a 70 μm pore-size cell
strainer to remove the presence of tissue pieces after
which MNCs concentration from the ilium and proximal
femur was analyzed using the Beckman coulter ACT diff
2. The number of MNCs for samples collected from the
distal femur and proximal tibia was not analyzed due to
technical limitations.
Based on the isolation method used, different concentrations of MNCs/cm2 were plated. We defined three
isolation/culture conditions: heterogeneous (classical
MNCs seeding density, previously described and standardized hMSCs isolation protocol within our laboratory
[21]), multiclonal (low MNCs seeding density, permissive for single cell clonal expansion) and SF (high MNCs
seeding density in the absence of fetal bovine serum
proteins during the initial phase).
For the heterogeneous isolation condition, BM aspirate
was plated at a density of 5x105 MNCs/cm2 and cultured in
growth media (GM) consisting of α-minimal essential media
(αMEM, Life Technologies – Cat. No.: 22571-020), 10%
Fetal Bovine Serum (FBS, Gibco – Cat. No.: 10270106),
0.2 mM L-ascorbic acid 2-phosphate magnesium salt (Sigma
– Cat. No.: A8960), 2 mM L-glutamine (Gibco – Cat. No.:
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Fig. 1 Schematic representation of the experimental design. Aspiration of BM from different locations of the lower limb extremities and selection
of the optimal cell source, based on hMSC number and phenotype. In vitro priming of hMSC by use of acoustic stimulation or varying the initial
culture conditions with the final aim to enhance in vivo bone fracture healing

BE17-605E), 100 units/mL penicillin and 100 mg/mL
streptomycin (Gibco – Cat. No.: 15140-122).
For the multiclonal isolation condition, BM aspirate
was plated at a clonal density of 5x104 MNCs/cm2 and
cultured in GM.
For the SF condition, BM aspirate was plated at a cell
density of 1.5x106 MNC/cm2 in α-MEM containing no
additives for the first three days.
At the fourth day, the non-adherent cell fraction was
removed and the media was changed to GM for all three

conditions. Hereafter, media was refreshed twice a week.
At semi-confluence cells were trypsinized and used for
sub-culturing or stored in liquid nitrogen for future use.
In total, BM was aspirated from 19 donors and subsequently divided between the different experiments. BM
from 14 donors was used to evaluate the most convenient aspiration site location. BM was plated under heterogeneous condition, with exception of distal Femur
and proximal Tibia where 2 ml BM was plated each
time, as the initial amount of MNCs was unknown. BM
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from 11 donors was plated in heterogenous condition
and used to evaluate the effects of acoustic energy stimulation and BM from 6 donors was used to
evaluate the effects of varying the initial isolation
conditions of the hMSCs.
Donor number, BM aspiration location, BM volume
and concentration of MNCs/ml can be found in Table 1.
BM was cultured at 37 °C and 5% CO2.

hMSCs population doubling

To assess hMSC proliferation, cells from passage 1 (P1)
were seeded in GM at 5 000 cells/cm2 in T175 tissue
culture flasks. At semi confluence the cells were trypsinized and counted. Population doubling (PD) was calculated according to the formula PD = log2(NE/Ni), where
NE and NI are the number of hMSCs obtained at
passage 2 (P2) and P1, respectively.
Colony forming unit and colony forming unit-osteoblast
potential (mineralization)

Table 1 BM information

The colony forming unit (CFU) assay was used as an indicator of self-renewal potential of the hMSCs and the
CFU-osteoblast (CFU-Ob) assay was used as an indicator
of their osteogenic potential. Two million MNCs were
seeded in duplicate in T25 culture flasks and grown
in GM for the first 7 days, followed by transition to
mineralization media for further 7 days. The
mineralization media consisted of GM containing 0.01 M
β-glycerophosphate (BGP, Sigma – Cat. No.: G9422) and
10-8 M Dexamethasone (Dex, Sigma – Cat. No.: D8893).
At day 14, the cultures were fixed with 10% formalin for
15 min at ambient temperature, after which alkaline phosphatase (ALP) positive colonies were stained using the
Leukocyte Alkaline Phosphatase Kit -ALP (Sigma – Cat.
No.: 85 L2) following the manufacturer’s instructions.
Subsequently, colonies were stained using 0.5% Coomassie
Brilliant Blue staining (Fluka – Cat. No.: 27815) solution
for 10 minutes and images of the stained colonies were acquired using an Epson Perfection V750 PRO scanner. The
total number of CFUs and ALP positive colonies was
quantified using ImageJ 1.45 s software and the percentage
of ALP positive CFUs calculated.

Donor
number

BM aspiration
location

BM
color

BM aspirated
volume (ml)

MNC/ml
(106)

Donor 1

Ilium

Red

20

31.6

Donor 2

Ilium

Red

35

12.3

Donor 3

Ilium

Red

15

17.9

Donor 4

Ilium

Red

25

20.2

Donor 5

Ilium

Red

30

13.5

Donor 6

Ilium

Red

28

6.8

Proximal Femur

Red

11.5

16.3

Donor 7

Ilium

Red

20

16.1

Proximal Femur

Red

1

15.1

Donor 8

Ilium

Red

13

34.7

Proximal Femur

Red

6

16.2

Donor 9

Ilium

Red

20

7.3

Proximal Femur

Red

6.5

7.9

Donor 10

Ilium

Red

22.5

14.5

Proximal Femur

Red

9

22.4

Donor 11

Ilium

Red

22.5

7.4

Proximal Femur

Red

5

6.4

Donor 12

Ilium

Red

7.5

26.6

Extracellular matrix production

Proximal Femur

Red

5

37

Donor 13

Distal Femur

Yellow

3.5

-

Proximal Tibia

Yellow

2.5

-

Donor 14

Distal Femur

Yellow

5

-

Proximal Tibia

Yellow

7.5

-

Donor 15

Distal Femur

Yellow

9

-

Proximal Tibia

Yellow

3

-

Donor 16

Distal Femur

Yellow

2

-

Proximal Tibia

Yellow

1.5

-

Donor 17

Distal Femur

Yellow

6

-

Proximal Tibia

Yellow

7

-

Donor 18

Distal Femur

Yellow

8

-

Proximal Tibia

Yellow

4.5

-

hMSCs at P2 or P3 were seeded in quadruplicate at 100
000 cells/well in a 384-well plate in GM (without serum)
consisting of 50 μg/mL insulin transferrin seleniumpremix (Sigma – Cat. No.: I3146) and 40 μg/mL proline
(Sigma – Cat. No.: P5607) and incubated for 24 h to allow
cell adhesion. The next day the medium was refreshed
and 10 ng/mL transforming growth factor beta 3 (R&D
Systems – Cat. No.: 243-B3) and 10-7 M Dex was added
to the wells. After seven days the formed nodules were
fixed in 10% formalin for 15 min at ambient temperature
and images were captured using a Nikon bright field
microscope. The nodule area and the number of nodules
formed were quantified using ImageJ 1.45 s software. The
early cell condensation phenotype and the increase in
nodule size was associated with ECM production.

Donor 19

Distal Femur

Yellow

2

-

Proximal Tibia

Yellow

2

-

From left to right: donor number, BM aspiration location, type, aspirated
volume and concentration of MNCs/ml

Alizarin red staining (mineralization)

hMSCs at P2 or P3 were seeded in triplicate at 50 000
cells/well in T25 and grown in control media consisting
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of GM containing 0.01 M BGP and in mineralization
medium consisting of GM containing 0.01 M BGP and
10-8 M Dex. The media was refreshed twice a week. After
28 days, cells were fixed in 10% formalin for 15 min at
ambient temperature and stained with 2% Alizarin red solution (Sigma – Cat. No.: A5533) for 5 min. Images were
captured using a Nikon bright field microscope.
Oil red O staining (Adipogenesis)

hMSCs at P2 or P3 were seeded in triplicate at 25 000
cells/well in 24-well plates and grown in control medium
consisting of GM or adipogenic medium consisting of
GM containing 0.2 mM indomethacin (Cat. No.: I7378),
0.5 mM isobutylmethylxanthine (Cat. No.: I5879), 10-6
M Dex and 10 μg/mL human insulin (Cat. No.: I9278),
all from Sigma. The media was refreshed twice a week.
After three weeks the cells were fixed with 10% formalin
for 15 min at ambient temperature, after which the cell
monolayer was incubated for 5 min in 60% isopropanol,
and subsequently stained with Oil red O solution (3 mg/
mL in 60% isopropanol, Sigma – Cat. No.: 0625). After
five minutes, samples were rinsed with demineralized
water and images were captured using a Nikon bright
field microscope. After the imaging, Oil red O staining
was extracted from the cells in 4% Nonidet P40 (Fluka,
Cat. No.: 74385) in isopropanol and absorbance was
measured at 540 nm (Lambda 40; Perkin Elmer). One
hundred percent Oil red O was included in the calibration curve measurements, from which the percentage of
Oil red O staining was calculated.
Flow cytometry

hMSCs at P3 or P4 were expanded in T175 until they
reached confluence. The cells were trypsinized and
incubated for 30 min in blocking buffer consisting of
17% bovine serum albumin (Sigma – Cat. No.: F7524) in
PBS followed by incubation with FITC- or PEconjugated mouse anti-human antibodies for 30 min at
4 °C in the dark. The samples were then washed three
times with a washing buffer consisting of 3% bovine
serum albumin in PBS. The expression levels were
analyzed using FACSAria flow cytometer (BD
Bioscience). For phenotypic characterization the following antibodies were used: CD90, CD73, CD146, CD105,
CD271, CD34, CD14, CD79a, HLA-DR, CD45 and IgG1
and Ig G2a as isotype controls (all from BD Pharming).
Acoustic stimulation of bone marrow

Acoustic stimulation of BM was achieved using the bone
marrow aspirate concentration device, previously
described by Ridgway et al. [22]. BM was placed into the
processing chamber of the device and acoustic vibration
was applied using a voice-coil which produced a geometric standing waveform pattern on the BM fluid surface.
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Different frequencies were tested by manual adjustment
using an Oscilloscope (Agilent Technologies, InfiniVision, MSO-X-3014A Mixed Signal Oscilloscope) and
two frequencies, 300 Hz (48 mW/cm2) and 500 Hz
(73 mW/cm2), were selected for further experimental
research. The BM was processed one time for 5 and
10 min for both selected frequencies. The baseline was
defined as unstimulated BM.
Following, part of the BM was plated to assess the
self-renewal and proliferation potential as previously
described, while the rest of the BM was plated under the
heterogeneous hMSCs isolation condition in order to
assess the multilineage differentiation potential, ECM
production and surface markers expression of the
hMSCs at later passage, as previously mentioned.
Bone marrow viscosity

BM viscosity from 6 donors (3 donors for ilium and
proximal femur and 3 donors for distal femur and proximal tibia) was measured using the Rheometer Physica
MCR-301. A total of thirty different points, with an increasing shear rate from 0 to 250 L/s and periodic pause
of 10 s between each point, were measured. The volume
of BM used for the measurements was 350 μl per measuring cycle. All samples were measured in duplicates at
ambient room temperature.
Statistical analysis

Statistical analysis was performed using Graphpad Prism
6 software. Unpaired Student’s t-test and Mann-Whitney
post-test was performed to compare the data when two
groups were analyzed. One-way or two-way ANOVA
and a Tukey or Bonferroni post-test was used to compare the data when more than two groups were
analyzed. The uniform distribution of data, to test interdonor variation, was assessed using a Chi-squared test.
A P ≤ 0.05 indicates a statistical significant difference.
The results are shown as mean ± standard deviation.

Results
Inter-donor variability in bone marrow aspirate

The volume of BM aspirated from the different locations varied significant, with larger BM volumes
obtained from the ilium (22 ± 7.6 ml) than the proximal
femur (6 ± 3.3 ml), distal femur (5 ± 2.9 ml) or proximal
tibia (4 ± 2.6 ml). BM volumes from the ilium yielded a
higher concentration of MNCs for volumes close to
10 ml (2.6 x 107 MNC/ml), while volumes close and
larger than 20 ml yielded a lower concentration of
MNCs (1.4 x 107 MNC/ml), however not statistical significant (p = 0.15). Similarly, BM aspirated from proximal femur showed higher MNC yield for volumes
lower than 5 mL, 2 x 107 MNC/mL versus 1.6 x 107
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MNC/mL, however not statistical significant (p = 0.7)
(Fig. 2A and Table 1).
The concentration of hMSCs obtained at the end of
the expansion phase (14 days after MNCs seeding) was
on average 566 494 hMSC/ml for the ilium, 245 549
hMSC/ml for the proximal femur, 76 250 hMSC/ml for
the distal femur and 122 321 hMSC/ml for the proximal
tibia samples (Fig. 2B). No statistical significant differences were found between the groups, however lower p
values where obtained from hMSCs isolated from proximal versus distal locations (Additional file 1: Table S1).
Macroscopically, the BM aspirated from the ilium and
proximal femur was red, while BM aspirated from distal
femur and proximal tibia was yellow, consistent with a
higher presence of lipid droplets in the latter (Additional
file 2: Figure S1). Compared with the other aspiration
locations we observed a significant decrease in BM
viscosity for BM aspirated from the proximal tibia
(Fig. 2C). The morphological appearance of expanded
hMSCs did not show any visible differences between the
different BM aspiration locations (data not shown).

than ilium 31 ± 22 CFU, distal femur 14 ± 24 CFU and
proximal tibia 19 ± 5 CFU (Fig. 3d). The obtained p
values can be visualized in Additional file 1: Table S2.
Similarly, the mineralization capacity showed a similar
trend with a higher CFU-Ob potential in hMSCs isolated
from the ilium 12 ± 11 CFU-Ob (36% ± 18 CFU-Ob/CFU)
and proximal femur 11 ± 10 CFU-Ob (26% ± 16 CFU-Ob/
CFU) than distal femur 1 ± 1 CFU-Ob (13% ± 20 CFUOb/CFU) and proximal tibia 5 ± 11 CFU-Ob (17%
±22 CFU-Ob/CFU) (Fig. 3h). The obtained p values can
be visualized in Additional file 1: Table S2. The high
standard deviation is attributed to the non-uniform
distribution over the donors (Fig. 3g).
The adipogenic potential of hMSCs showed a uniform
distribution for all the donors for BM aspirated from the
ilium and proximal femur but not from the distal femur
and proximal tibia (Fig. 3i). An average for all the donors
showed a significant increase in fat droplets in the proximal tibia 21% ±6.85 when compared to the ilium 9%
±2.5. No statistical significant differences were observed
between the other groups (Fig. 3j).

Effect of aspiration location on biological characteristics
of hMSCs

Effect of acoustic stimulation on hMSCs

Proliferation, self-renewal ECM production and multilineage potential (osteo- and adipogenic) were assessed
for hMSCs isolated from the different locations (Fig. 3).
Proliferation capacity and ECM production of hMSC
was similar between the different donors regardless of
the BM aspiration location (Fig. 3a, e). An average for all
donors showed a statistical significant increase in proliferation of hMSCs isolated from distal femur (0.64 ±
0.07) and proximal tibia (0.71 ± 0.08) when compared to
the ilium (0.47 ± 0.09) and proximal femur (0.48 ± 0.13)
(Fig. 3b), however no statistical significant differences
were seen in ECM production (Fig. 3f ).
In contrast, the CFU capacity of hMSCs showed a
non-uniform distribution for all the donors, independent
of the BM location (Fig. 3c). An average for all the donors showed a trend towards a higher CFU capacity of
hMSCs isolated from the proximal femur 54 ± 42 CFU

Self-renewal, proliferation, ECM production and multilineage potential (osteo- and adipogenic) were assessed
from the acoustic stimulated hMSCs.
Different BM volumes harvested from different donors
- 11.5 (donor 3), 10 (donor 5), 8 (donor 4), 6 (donor 1),
and 5 ml (donor 2) (Additional file 3: Figure S2A) - were
stimulated at a frequency of 300 Hz for 5 and 10 min
(Additional file 3: Figure S2B-F). Upon acoustic stimulation a significant increase in CFU, mineralization and
adipogenesis was observed for hMSC isolated from small
BM volumes (5 and 6 mL) compared to larger volumes
(8, 10 or 11.5 ml). No statistical significant differences
were observed in proliferation or ECM production between the conditions. Based on the above-mentioned results subsequent experiments were performed using
small BM volumes (4 ml). An illustration of the device,
while 4 ml of BM is acoustic stimulated at 300Hz, is presented in Fig. 4.

Fig. 2 Characterization of BM aspirated (BMA) from different locations. a Correlation between aspirated BM volume and MNCs concentration, for the
ilium (circle) and proximal femur (square). b Correlation between the plated BM volumes and the number of isolated hMSCs, heterogeneous isolation
condition only. c BM viscosity curves from different aspiration locations, represented as correlation between the shear rate and the viscosity. The values
represented the mean ± standard deviation of three BM donors (n = 3). Statistically significant differences were found with ***p < 0.001 and **p < 0.01
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Fig. 3 Biological characterization of hMSCs isolated from different BM locations. a Proliferation of hMSCs calculated as PD/day from P1 to P2,
donor and location dependent. b Proliferation average for all the donors. c CFU potential of hMSCs, donor and location dependent. d CFU
average for all the donors. e ECM production, quantification of nodule size area in mm2 after cell condensation, donor and location dependent.
f ECM production average. g Osteogenic potential calculated as percentage of ALP positive colonies within the CFUs, donor and location
dependent. h Osteogenesis average. i Adipogenic potential, quantification of Oil red O staining relative to 100% Oil red O staining solution,
donor and location dependent. j Adipogenesis average. The uniform distribution of data, to test inter-donor variation, was assessed using
Chi-squared test and presented as a line above all donors. Values are represented as mean ± standard deviation of at least three independent
experiments (n ≥ 3). Statistically significant differences were found with ***p < 0.001, **p < 0.01 and *p < 0.05

Acoustic stimulation of BM at 300 and 500 Hz for
5 and 10 min did not change hMSC proliferation between the conditions (Fig. 5A, B). In contrast, an increase (not significant) in CFU, ECM production and
mineralization but not in adipogenic potential was
observed upon acoustic stimulation (Fig. 5c -j).

Surface marker expression on hMSCs isolated from
acoustic stimulated BM (300Hz for 5 min) showed a decrease, however not statistically significant, in expression
of positive surface markers such as CD105 (22 ± 3%
versus 32 ± 17%), CD90 (21 ± 5% versus 23 ± 7%), CD146
(3 ± 1% versus 4 ± 1%) and CD73 (20 ± 8% versus 23 ±
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Fig. 4 Acoustic stimulating device. a Sketch of the fluid flow within the processing chamber and the formation of a standing wave. b Processing
chamber. c Speaker, in white, located on the bottom of the processing chamber. d Standing wave pattern formed in bone marrow at 300Hz

17%), when compared to the baseline (Additional file 4:
Figure S3).
Effect of varying the initial culture condition on hMSCs

The isolation of hMSCs from the BM was assessed by
varying the initial culture conditions and their proliferation, ECM production, multilineage differentiation potential and cell surface marker expression was analyzed.
No difference in proliferation (Fig. 6a, b and Additional
file 1: Table S3) and osteogenesis (Additional file 5:
Figure S4) was observed between the different isolation
conditions. In contrast, isolation of hMSCs under SF
condition showed a trend in increased ECM production,
with 4 out of 6 donors showing statistically significant
increase (Fig. 6c). When averaged for all the donors, p
values of 0.11 and 0.18 were obtained when compared to
heterogeneous and multiclonal conditions (Fig. 6d and
Additional file 1: Table S3). Additionally, SF condition
showed a trend in decreased adipogenesis, with 5 out of
6 donors showing a statistically significant decrease
(Fig. 6e). When averaged for all the donors p values of
0.48 and 0.13 were obtained when compared to heterogeneous and multiclonal conditions (Fig. 6f and Additional file 1: Table S3). Isolation of hMSCs under
multiclonal condition showed a trend towards increased
adipogenesis (Fig. 6e). Statistically significant increase in
adipogenesis was observed in 5 out of 6 donors in multiclonal when compared to SF isolated hMSCs (Fig. 6e
and f, Additional file 1: Table S3).
The expression of CD271, CD34, CD14, CD79a, CD45
and HLA-DR was absent in all conditions regardless of
the isolation procedure, while no significant differences

where observed in the expression of CD90 (46 ± 31%
heterogeneous versus 36 ± 26% multiclonal and 43 ± 36%
serum free condition), CD105 (11 ± 6% heterogeneous
versus 23 ± 14% multiclonal and 34 ± 31% serum free
condition), CD73 (27 ± 7% heterogeneous versus 33 ±
18% multiclonal and 43 ± 33% serum free condition) and
CD146 (5 ± 4% heterogeneous versus 5 ± 4% multiclonal
and 11 ± 16% serum free condition) between the
isolation conditions. However, a trend towards higher
expression of CD105 (p =0.28), CD73 (p = 0.57) and
CD146 (p = 0.66) was observed in the hMSCs isolated in
SF media when compared to the heterogeneous
condition (Additional file 6: Figure S5). The high standard deviation is the result of inter-donor variation.

Discussion
The human body has an extensive capacity to regenerate
bone tissue after trauma. However, large defects cannot
be restored without intervention and often lead to nonunion. Long bone fracture repair has been extensively
studied at both clinical as well as fundamental level,
however little is known about the differences in fracture
repair between the femur and the tibia [6, 7]. Therefore
the aim of the present study was to assess the pool and
biological functions of BM-derived hMSCs in the lower
limbs, such as the ilium, proximal femur, distal femur
and proximal tibia. Additionally, we broadened our research interest towards methods to prime BM-derived
hMSCs for later reimplantation at the fracture site. This
should facilitate their homing and commitment towards
a faster bone regeneration, as it has been already shown
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(See figure on previous page.)
Fig. 5 Biological characterization of isolated hMSCs from acoustic stimulated BM at 300 and 500Hz for 5 and 10 min. The results are presented as the
fold change over the non-stimulated BM (baseline). a Proliferation of hMSCs calculated as PD/day from P1 to P2, donor and stimulation dependent. b
Proliferation average. c CFU potential of hMSCs, donor and stimulation dependent. d CFU average. e ECM production, quantification of nodule size
area in mm2, donor and stimulation dependent. f ECM production average. g Osteogenic potential calculated as percentage of ALP positive colonies
within the CFUs, donor and stimulation dependent. h Osteogenesis average. i Adipogenic potential, quantification of Oil red O staining relative to
100% Oil red O staining solution, donor and stimulation dependent. j Adipogenesis average. Values are represented as mean ± standard deviation of
at least three independent experiments (n ≥ 3). Statistically significant differences were found with ***p < 0.001, **p < 0.01 and *p < 0.05

Fig. 6 Biological characterization of hMSCs isolated from BM under different isolation procedures a Proliferation of hMSCs calculated as PD/day
from P1 to P2, donor and isolation procedure dependent. b Proliferation average. c ECM production, percentage of formed nodules, donor and
isolation procedure dependent. d ECM production average. e Adipogenic potential, quantification of Oil red O staining relative to 100% Oil red O
staining solution, donor and isolation procedure dependent. f Adipogenesis average. Values are represented as mean ± standard deviation of at
least three independent experiments (n ≥ 3). Statistically significant differences were found with ***p < 0.001 and **p < 0.01
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that a reduced pool of proliferative and multipotent
hMSCs are present at the low healing fractures [23].
In the present study we showed that the pool of BMderived hMSCs differ with respect to the BM aspiration
location. We found that after 14 days the number of
hMSCs isolated from the ilium and proximal femur was
higher (Fig. 2b) and they showed higher self-renewal and
osteogenic differentiation potential (Fig. 3d, f) in comparison to hMSCs isolated from the distal femur and proximal
tibia, with the latter showing higher adipogenic potential.
These findings correspond to the macroscopic appearance
of the BM as described by Malkiewicz et al. [24], with red
BM found in the ilium and proximal femur, suggesting an
active participation to hematopoiesis, and yellow BM
found in distal femur and proximal tibia, which is
enriched in adipocytes. During aging, red marrow is replaced by yellow marrow and this change in the marrow
compartment might contribute to differences in the fracture repair cascade [24]. In this context, we strongly believe that the differences in BFH rate between femur and
tibia are the result of insufficient amount of hMSCs
present at the fractured site, as well as their poor selfrenewal and osteogenic potential. Additionally, previous
studies demonstrated the use of bone marrow aspirate
and its efficacy in the treatment of fracture nonunion or
high nonunion rate repair [25, 26]. Therefore, we propose
that the isolation of BM from the ilium, and its delivery in
tibial fractures in order to enhance bone healing, could
improve the current clinical treatment strategy.
In the process of quantifying the concentration of
MNCs with regard to the aspirated BM volume, we found
that 10 ml of BM yields the highest MNC concentration.
Higher BM volumes yielded low concentrations of MNCs,
due to the dilution with peripheral blood during aspiration, while lower BM volumes yielded also lower concentration of MNCs, as described by Fennema EM et al. [27].
Interestingly, in both studies the same average concentration of MNCs (2.6*107 MNCs/ml) was found for 10 mL
aspirates, henceforth encouraging the surgeons to limit
the aspirated BM volume from the ilium to 10 ml.
In order to increase the contribution of cells to bone repair, a new paradigm emerged in tissue regeneration, focusing on rhythms and oscillatory patterns capable of
orchestrating cell fate decision. The use of physical energy,
such as ultrasound vibration has shown to affect the cell
fate and increase the rate of bone repair [7, 28, 29], however the therapy has been rather inefficient likely due to
the low number of pro-regenerative cells present [6].
Therefore, we propose a different approach: the delivery
of acoustic stimulated BM from the ilium (rich in hMSCs)
at the fracture site. Based on a previous study by Ridgway
J. et al., where acoustic vibration was used to separate cells
from BM suspension, by trapping the cells in the pressure
node planes of the standing wave and reducing the
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volume, an increase in CFU-Ob potential was observed in
the processed BM [22]. We believe that this increase was
not only due to the reduction in BM volume but also a
change in cell fate. To test this we selected two different
frequencies in the range of acoustic vibration, 300 and
500 Hz, and two time points 5 and 10 min. The results
obtained showed a trend towards an increased selfrenewal, ECM production and a shift towards osteogenic,
but not adipogenic, differentiation in acoustic stimulated
BM, suggesting that hMSCs may sense the acoustic vibratory frequencies. However, the long expansion period necessary to obtain sufficient cell numbers to perform the
assays eventually led to a decrease in the multilineage potential, as cell potential is known to diminish with increased in vitro culture time [30, 31]. In addition, we
speculate that the decrease in positive hMSCs surface
markers in acoustically stimulated BM is the result of integrin reorganization (cellular mechanoreceptor on the
cell surface), followed by surface markers reorganization
[32] and change in cell fate. To our knowledge this is the
first study where acoustic energy was applied directly to
BM and not on cultured cells paving the way to its implementation into a one-step surgical procedure for bone repair. The harvested BM can be first exposed to acoustic
stimulation during the surgical intervention followed by
administration to the fracture zone in cases where the
risk of nonunion is high or in revision surgeries for
pseudarthrosis.
While acoustic sound vibration focuses on changing
the phenotype of the cells, variation of the initial
hMSCs isolation conditions focuses on the selection of
a defined cell pool. We found that isolation of hMSCs
in SF media selects a pro-ECM cell population, which
could be of great help in accelerating the rebuilding
process of a native ECM after a bone fracture. In contrast, we found that isolation of hMSCs using low
MNC plating densities selects a pro-adipogenic cell
population. These findings underline the importance of
carefully selecting the right isolation procedure for the
right application.

Conclusion
Overall, our results suggest that novel approaches to bone
fracture healing can be developed based on our improved
understanding of bone marrow cell biology. Based on our
results we hypothesize that poor BFH in the tibia might
be the result of insufficient cell numbers as well as their
poor osteogenic potential. Based on this we suggest the
aspiration of BM from the ilium and its delivery into the
tibia to accelerate fracture healing. Moreover, we proposed
two new possible therapeutic approaches for BFH: acoustic stimulation of BM and use of preselected pro-ECM
hMSCs pool for delivery at the fracture site.

Ghebes et al. BMC Biotechnology (2016) 16:89

Additional files
Additional file 1: Table S1. Testing the significance in the number of
hMSCs isolated from different BM aspiration location. The identified p
value is presented after performing one way ANOVA and Tukey’s multiple
comparison test. Table S2. Testing the significance of difference in CFUs
and CFU-Ob from different BM aspiration location. The identified p value
is presented after performing one way ANOVA and Tukey’s multiple comparison test. Table S3. Testing the significance in proliferation, ECM production and adipogenesis of different hMSCs
isolation and cell culture conditions. The identified p value is presented
after performing one way ANOVA and Tukey’s multiple comparison test.
(PDF 85 kb)
Additional file 2: Figure S1. Macroscopic appearance of bone marrow
aspirated from different locations: ilium, proximal femur, distal femur and
proximal tibia. (PDF 311 kb)
Additional file 3: Figure S2. Biological characterization of isolated
hMSCs from acoustically stimulated BM at 300 Hz for 5 min at different
volumes, 11.5, 10, 8, 6 and 5 ml. The results are presented as the fold
change over the non-stimulated bone marrow (baseline). (A) Graphic
representation of the bone marrow volumes, donor dependent. (B)
Proliferation of hMSCs calculated as PD/day from P1 to P2, donor and
volume dependent. (C) CFU potential of hMSCs, donor and volume
dependent. (D) ECM production, quantification of nodule size area in
mm2, donor and volume dependent. (E) Osteogenic potential calculated
as percentage of ALP positive colonies within the CFUs, donor and
volume dependent. (F) Adipogenic potential, quantification of Oil red O
staining relative to 100% Oil red O staining solution, donor and volume
dependent. Values are represented as mean ± standard deviation of at
least three independent experiments (n ≥ 3). Statistically significant
differences were found with ***p < 0.001, **p < 0.01 and *p < 0.05.
(PDF 694 kb)
Additional file 4: Figure S3. Surface marker expression (in percentage)
of the acoustic stimulated cells represented as a bar plot. Each bar
represents the average expression obtained from three independent
donors. Represented are only the surface markers that were expressed in
the obtained populations. Negative markers are not shown. No
statistically significant differences were found between the two
conditions. (PDF 184 kb)
Additional file 5: Figure S4. Alizarin red staining of calcium nodules
after osteogenic induction of hMSC isolated under varying culture
condition from different donors. No differences were observed between
the culture conditions, though differences between the donors were
identified. Donor 2 and 11 showed less calcium nodules formation than
the rest of the donors. All the controls stained negative for calcium
nodules formation. Values are represented as mean ± standard deviation
of at least three independent experiments (n = 3). (PDF 2096 kb)
Additional file 6: Figure S5. Surface marker expression (in percentage)
of the varying culture conditions represented as a bar plot. Each bar
stands for the average over the percentage of surface markers obtained
from three donors. Selected sets of cell surface markers expressed
positive on hMSC. All the other investigated sets were expressed
negative for both conditions, therefore not shown. Not statistically
significant differences were found between the three conditions.
(PDF 210 kb)

Abbreviations
ALP: Alkaline phosphatase; BFH: Bone fracture healing; BGP: β-glycerophosphate;
BM: Bone marrow; CFU: Colony forming unit; CFU-Ob: Colony forming unit
osteoblast; Dex: Dexamethasone; ECM: Extracellular matrix; FBS: Fetal bovine
serum; GM: Growth media; hMSCs: Human mesenchymal stromal cells;
MNCs: Mononuclear cells; P1: Passage 1; P2: Passage 2; PD: Population doubling;
SF: Serum free; THA: Total hip arthroplasty; TKA: Total knee arthroplasty;
α-MEM: α-minimal essential media
Acknowledgments
We would like to acknowledge the orthopaedic department at Medisch
Centrum Twente for the collection of BM and Smith & Nephew for the

Page 12 of 13

financial support to perform this research. We would like to acknowledge A
Au, C Wan, T Kapur and JN Ridgway for their support and design of the
acoustic stimulation device.
Funding
Departmental research support was received from Smith & Nephew
consisting of financial and in kind contributions in part specific to this
project. We received technical support on initial setup of the acoustic device
from a company employee. Initial results were shared with the sponsor. The
primary senior and first author carry full responsibilities for study design,
analysis and interpretation of the results.
Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its additional files.
Authors’ contributions
The authors contributed to the manuscript as follows: equally contribution:
CAG and MVJB; conception and design: CAG, MVJB, HAMF, DBFS; analysis
and interpretation of data: CAG, MVJB, HAMF, DBFS; drafting of the article:
CAG, MVJB, HAMF, DBFS; provision of study material: AVCMZ, AJR; Provision
of device: CW, TK, JNR, AA, and final approval of the article: all.
Competing interests
DBF Saris received research funding from Smith & Nephew.
Consent for publication
Not applicable.
Ethics approval and consent to participate
The collection and anonymous use of the BM aspirate was approved and
performed in compliance with the relevant laws and institutional guidelines
of the Medisch Spectrum Twente, Twente Ethische Toetsings Commissie
(Ref. no.: K13-46) Patients provided a written informed consent after being
provided with a verbal explanation and an opportunity for questioning.
Author details
1
MIRA Institute for Biomedical Technology and Technical Medicine,
University of Twente, Drienerlolaan 5, 7522NB Enschede, The Netherlands.
2
Department of Orthopedic Surgery, Medisch Spectrum Twente Hospital,
Postbus 50 000, 7500KA Enschede, The Netherlands. 3Department of
Orthopaedics, University Medical Center Utrecht, Heidelberglaan 100, 3584
CX Utrecht, The Netherlands. 4Center for Neuroscience and Cell Biology
(CNC), Stem Cells and Drug Screening Lab, University of Coimbra, Largo
Marques de Pombal, 3004-517 Coimbra, Portugal. 5Faculty of Science and
Technology, Institute Technical Medicine, University of Twente, P.O. Box
2177500 AE Enschede, The Netherlands.
Received: 5 March 2016 Accepted: 7 December 2016

References
1. Steiner C, Andrews R, Barrett M, Weiss A: HCUP Projections: mobility/
orthopedic procedures 2011 to 2012. In: HCUP projections report 2012-03
US Agency for Healthcare Research and Quality website. www.hcup-us.ahrq.
gov/reports/projections/2012-03.pdf 2012.
2. Einhorn TA. Enhancement of fracture-healing. J Bone Joint Surg Am.
1995;77(6):940–56.
3. Claes L, Willie B. The enhancement of bone regeneration by ultrasound.
Prog Biophys Mol Biol. 2007;93(1-3):384–98.
4. Jingushi S, Mizuno K, Matsushita T, Itoman M. Low-intensity pulsed
ultrasound treatment for postoperative delayed union or nonunion of long
bone fractures. J Orthop Sci. 2007;12(1):35–41.
5. Caplan AI. Mesenchymal stem cells: cell–based reconstructive therapy in
orthopedics. Tissue Eng. 2005;11(7-8):1198–211.
6. Fong K, Truong V, Foote CJ, Petrisor B, Williams D, Ristevski B, Sprague S,
Bhandari M. Predictors of nonunion and reoperation in patients with
fractures of the tibia: an observational study. BMC Musculoskelet Disord.
2013;14:103.

Ghebes et al. BMC Biotechnology (2016) 16:89

7.

8.

9.

10.
11.

12.

13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Society COT. Nonunion following intramedullary nailing of the femur with
and without reaming. Results of a multicenter randomized clinical trial. J
Bone Joint Surg Am. 2003;85-A(11):2093–6.
Hernigou P, Mathieu G, Poignard A, Manicom O, Beaujean F, Rouard H.
Percutaneous autologous bone-marrow grafting for nonunions. Surgical
technique. J Bone Joint Surg Am. 2006;88 Suppl 1 Pt 2:322–7.
Kitoh H, Kawasumi M, Kaneko H, Ishiguro N. Differential effects of cultureexpanded bone marrow cells on the regeneration of bone between the
femoral and the tibial lengthenings. J Pediatr Orthop. 2009;29(6):643–9.
El-Mowafi H, Mohsen M. The effect of low-intensity pulsed ultrasound on callus
maturation in tibial distraction osteogenesis. Int Orthop. 2005;29(2):121–4.
Leung KS, Lee WS, Tsui HF, Liu PP, Cheung WH. Complex tibial fracture
outcomes following treatment with low-intensity pulsed ultrasound.
Ultrasound Med Biol. 2004;30(3):389–95.
Heckman JD, Ryaby JP, McCabe J, Frey JJ, Kilcoyne RF. Acceleration of tibial
fracture-healing by non-invasive, low-intensity pulsed ultrasound. J Bone
Joint Surg Am. 1994;76(1):26–34.
Gebauer D, Mayr E, Orthner E, Ryaby JP. Low-intensity pulsed ultrasound:
effects on nonunions. Ultrasound Med Biol. 2005;31(10):1391–402.
Gold SM, Wasserman R. Preliminary results of tibial bone transports with
pulsed low intensity ultrasound (Exogen). J Orthop Trauma. 2005;19(1):10–6.
Nikukar H, Reid S, Tsimbouri PM, Riehle MO, Curtis AS, Dalby MJ.
Osteogenesis of mesenchymal stem cells by nanoscale
mechanotransduction. ACS Nano. 2013;7(3):2758–67.
Digirolamo CM, Stokes D, Colter D, Phinney DG, Class R, Prockop DJ.
Propagation and senescence of human marrow stromal cells in culture: a
simple colony-forming assay identifies samples with the greatest potential
to propagate and differentiate. Br J Haematol. 1999;107(2):275–81.
Colter DC, Class R, DiGirolamo CM, Prockop DJ. Rapid expansion of
recycling stem cells in cultures of plastic-adherent cells from human bone
marrow. Proc Natl Acad Sci U S A. 2000;97(7):3213–8.
Sekiya I, Colter DC, Prockop DJ. BMP-6 enhances chondrogenesis in a
subpopulation of human marrow stromal cells. Biochem Biophys Res
Commun. 2001;284(2):411–8.
Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S, Saggio I, Tagliafico
E, Ferrari S, Robey PG, Riminucci M, et al. Self-renewing osteoprogenitors in
bone marrow sinusoids can organize a hematopoietic microenvironment.
Cell. 2007;131(2):324–36.
Mentink A, Hulsman M, Groen N, Licht R, Dechering KJ, van der Stok J, Alves
HA, Dhert WJ, van Someren EP, Reinders MJT, et al. Predicting the
therapeutic efficacy of MSC in bone tissue engineering using the molecular
marker CADM1. Biomaterials. 2013;34(19):4592–601.
Both, S. K., van der Muijsenberg, A. J., van Blitterswijk, C. A., de Boer, J., de
Bruijn, J. D. (2007). A rapid and efficient method for expansion of human
mesenchymal stem cells. Tissue Eng. 2007; 13(1), 3-9.
Ridgway J, Butcher A, Chen PS, Horner A, Curran S. Novel technology to
provide an enriched therapeutic cell concentrate from bone marrow
aspirate. Biotechnol Prog. 2010;26(6):1741–8.
Seebach C, Henrich D, Tewksbury R, Wilhelm K, Marzi I. Number and
proliferative capacity of human mesenchymal stem cells are modulated
positively in multiple trauma patients and negatively in atrophic nonunions.
Calcif Tissue Int. 2007;80(4):294–300.
Malkiewicz A, Dziedzic M. Bone marrow reconversion - imaging of
physiological changes in bone marrow. Pol J Radiol / PolMed Soc Radiol.
2012;77(4):45–50.
Hernigou P, Poignard A, Beaujean F, Rouard H. Percutaneous Autologous
Bone-Marrow Grafting for Nonunions. Influence Number Concentration
Progenitor Cells. 2005;87(7):1430–7.
Murawski CD, Kennedy JG. Percutaneous internal fixation of proximal fifth
metatarsal jones fractures (Zones II and III) with Charlotte Carolina screw
and bone marrow aspirate concentrate: an outcome study in athletes. Am J
Sports Med. 2011;39(6):1295–301.
Fennema EM, Renard AJ, Leusink A, van Blitterswijk CA, de Boer J. The effect
of bone marrow aspiration strategy on the yield and quality of human
mesenchymal stem cells. Acta Orthop. 2009;80(5):618–21.
Choi WH, Choi BH, Min BH, Park SR. Low-intensity ultrasound increased
colony forming unit-fibroblasts of mesenchymal stem cells during primary
culture. Tissue Eng Part C, Methods. 2011;17(5):517–26.
Angle SR, Sena K, Sumner DR, Virdi AS. Osteogenic differentiation of rat
bone marrow stromal cells by various intensities of low-intensity pulsed
ultrasound. Ultrasonics. 2011;51(3):281–8.

Page 13 of 13

30. Tolar J, Nauta AJ, Osborn MJ, Panoskaltsis Mortari A, McElmurry RT, Bell S,
Xia L, Zhou N, Riddle M, Schroeder TM, et al. Sarcoma derived from cultured
mesenchymal stem cells. Stem Cells. 2007;25(2):371–9.
31. Li H, Fan X, Kovi RC, Jo Y, Moquin B, Konz R, Stoicov C, Kurt-Jones E,
Grossman SR, Lyle S, et al. Spontaneous expression of embryonic factors
and p53 point mutations in aged mesenchymal stem cells: a model of agerelated tumorigenesis in mice. Cancer Res. 2007;67(22):10889–98.
32. Yang RS, Lin WL, Chen YZ, Tang CH, Huang TH, Lu BY, Fu WM. Regulation
by ultrasound treatment on the integrin expression and differentiation of
osteoblasts. Bone. 2005;36(2):276–83.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

