
1  Introduction

Critical bone defects, caused by i.e. resection of tumor tis-
sue or infectious tissue as well as trauma surgeries, are
still challenging to treat. Currently, a few million patients
per year require a bone graft or bone graft substitute to
cure bone defects and diseases [1]. Mostly, autografts,
allografts, or synthetic materials are used to bridge a crit-
ical defect that is exceeding the natural healing capacity
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of native bone tissue. Due to a lack of autologous materi-
al, the risk of donor site morbidity, or transmission of dis-
eases by using allogenic and xenogenic grafts, the devel-
opment of substitute materials for treatment of critical
size bone defects is essential [2]. It has been shown that
implantation of cell-loaded materials or in vitro pre-seed-
ed scaffolds resulted in enhanced bone formation and
bone bonding in vivo [3, 4]. Thus, combining synthetic
materials and autologous cells – ideally obtained by the
patient himself – in a tissue engineering process provides
a possibility to generate an implant that exhibits physio-
logical characteristics of human bone and enhances bone
formation and graft ingrowth [5]. The requirements of
generating artificial bone tissue are suitable scaffolds,
multipotent stem cells, i.e. human mesenchymal stem
cells (hMSCs), and culture conditions that facilitate the
nourishment of cells in a three-dimensional (3D) con-
struct. A scaffold material for bone regeneration should
feature a high porosity – to allow cell migration –,
biodegradability and osteoconductivity [6]. Currently, a
broad range of synthetic materials are used for bone graft-
ing; mostly manufactured of ceramics like beta-tricalci-
um-phosphates (β-TCP) and hydroxyapatite [7], polymers
such as polylactide or polyethylene [8], or composite
materials [9]. The poly(L-lactide-co-caprolactone) (P[LLA-
co-CL]) used in this study has already been reported to ful-
fill requirements for improved bone formation [10, 11].
However, an efficient and standardized process that is
applicable in a GMP-conform environment for generating
a cell-loaded bone substitute still needs to be developed.

A tissue culture process is usually composed of scaf-
fold seeding – when cells are distributed throughout the
material – and the culture/maturation of the construct. In
standard static culture conditions, mass transport is driv-
en by diffusion. It has been shown that diffusion process-
es in tissues are limited to a distance of approximately
200  μm, and are therefore insufficient to appropriately
supply cells within the core of a large 3D tissue constructs
[12]. In addition to limited nutrients supply during tissue
culture, it has been demonstrated that hMSCs respond to
the culture conditions, such as fluid shear stress, which
stimulates the production of specific markers, e.g. extra-
cellular matrix proteins [13, 14]. Thus, a process for gen-
erating bone grafts should ensure sufficient nutrients
supply and support specific lineage differentiation. For
maintaining controlled culture conditions, bioreactors are
employed. Several bioreactor systems such as spinner
flask-, rotating wall vessel- or perfusion bioreactors were
developed to overcome nutrient limitations, and in addi-
tion, to provide mechanical stimuli of the cells [15–19].
Nevertheless, most of these systems exhibit heteroge-
neous mechanical stimulation, require extensive culture
duration, or need complex technical setup.

The novel perfusion bioreactor presented here
ensured robust process conditions based on a simple seal-
ing concept, which was derived employing computation-

al modeling. The perfusion system allowed homogeneous
cell distribution and significant osteogenic lineage com-
mitment of hMSCs after one week of culture without addi-
tion of soluble factors for inducing osteogenic differentia-
tion. Furthermore, the bioreactor met the requirements
for the culture of bone substitutes, which can be applied
in the treatment of critical size bone defects in humans. 

2  Materials and methods

2.1  Polymer scaffold fabrication

According to a previously published protocol, P(LLA-co-
CL) was synthesized by random ring-opening-polymeriza-
tion catalyzed by stannous 2-ethylhexanoate (Sn[Oct]2)
with a monomer/catalyst mole ratio of 10 000:1 [10]. The
resulting co-polymers consisted of 75 mol% L-lactide and
25 mol% of e-caprolactone, verified by proton nuclear mag-
netic resonance (1H NMR). Porous 3D scaffolds were pre-
pared by solvent casting and salt leaching method. Sodi-
um chloride particles with a range of particle size of
90–500 μm were used as the porogen. The salt-polymer
blend was loaded into 15 × 45 mm glass vials (VWR, Stock-
holm, Sweden) for moulding. Scaffolds were salt-leached
after solvent evaporation, polished and sized to about
10.5 mm diameter and approximately 25 mm in length. 

2.2  Computational fluid dynamic

To predict the shear stress distribution in the porous scaf-
fold, computational modeling was performed. Therefore,
three domains – an inlet, an outlet, and the porous scaf-
fold – were generated according to the bioreactor car-
tridge geometry employing computer-aided design
(CAD). To simulate the flow regimes, COMSOL Multi-
physics™ was used. The in- and outlet were defined as
laminar flow domains, whereas, Darcy’s law derived for
creeping flows, i.e. for Reynolds numbers Re << 1, was
applied for the porous scaffold. At a flow rate of
0.8 mL/min, Re was approximately 214 [1/m] × pore diam-
eter [m], in our system. Thus, with pore diameters in the
range of micrometers, Re was << 1 and Darcy’s law held.
The porosity of the scaffold was set as 90%, according to
the μCT data. By measuring the pressure difference at dif-
ferent flow rates, the permeability of the scaffold was
determined as 1.72 ± 0.2 × 10–1 m2. At the inlet, a total flow
of 0.8 mL/min was defined as boundary condition. The
outlet was set to ambient pressure.

2.3  Isolation and culture of primary human
mesenchymal stem cells (hMSCs) from bone
marrow aspirate and femur head biopsies

hMSCs were isolated with approval of the local ethics
committee (vote IGBZSF-2012-078, vote 182/10) from
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bone marrow aspirate (Lonza, Walkersville, USA) of two
male 24 and 25 years old, and one female 45 years old
healthy donors, or from femur head biopsies (male, 76).
Briefly, bone marrow aspirate was diluted 1:1 with phos-
phate buffered saline containing calcium and magnesium
(PBS+), and 20 mL of the suspension were gently layered
over 15 mL Biocoll (Biochrom AG, Berlin, Germany). Cen-
trifugation was performed at 400 × g0 (Heraeus Multifuge
3 R-S, Thermo Fisher Scientific, Schwerte, Germany) for
20 min at room temperature. The mononuclear cell layer
was removed, and PBS+ containing 0.5% v/v fetal calf
serum (FCS) from Lonza (Verviers, Belgium) was added.
Following a further centrifugation step (400 × g0 for 7 min),
supernatant was removed and growth medium composed
of MSCGM™ Bullet Kit™ (Lonza, Verviers, Belgium) sup-
plemented with 2% v/v FCS, 50 units/mL penicillin, and
50  μg/mL streptomycin from Life Technologies (Darm-
stadt, Germany) was added. For cell isolation from femur
head biopsies, cells were washed in Dulbecco’s Modified
Eagle’s Medium (DMEM, Biochrom AG, Berlin, Ger-
many), gently agitated, and centrifuged at 300 × g0 fol-
lowing the removal of spongiosa. Then, fat tissue was dis-
carded from the supernatant and the suspension was
transferred to a new centrifugation tube that was occu-
pied with 15  mL DMEM (Biochrom AG). Cells of both
biopsies were seeded into culture flasks after a further
centrifugation step at 400 × g0 (bone marrow aspirate) or
300 × g0 (femur head biopsies) for 5 min. After 72 h incu-
bation at 37°C in a 5% CO2 humidified atmosphere, non-
adherent cells were removed. For harvesting, cells were
washed with phosphate buffered saline without calcium
and magnesium (PBS–), and 0.05  mL/cm2 0.05% v/v
trypsin/EDTA in Versene (Life Technologies) was added.
Following incubation for 2  min at 37°C, the enzymatic
reaction was halted by addition of FCS and cells were
recovered after a centrifugation step (5 min at 200 × g0; at
room temperature).

2.4  Cell differentiation

To show multipotency of isolated hMSCs, adipogenic,
osteogenic, and chondrogenic differentiation was
induced by medium supplementation. As negative con-
trol, cells were cultured in proliferation medium com-
posed of DMEM, 10% v/v FCS, 50 units/mL penicillin, and
50 μg/mL streptomycin (Life Technologies). Analysis was
performed with a light microscope Eclipse TS100 (Nikon,
Duesseldorf, Germany).

2.4.1  Adipogenic differentiation
hMSCs were plated in four-well Permanox® chamber
slides (Nunc, VWR, Darmstadt, Germany) at a density of
30 000 cells/cm2. After 3 days of culture, adipogenic dif-
ferentiation was induced by using proliferation medium
supplemented with 1  μM dexamethasone, 500  μM 
3-Isobutyl-1-methylxanthine, 1  μg/mL insulin, 100  μM

indomethacin (all chemicals from Sigma-Aldrich,
Munich, Germany) for 14 days. Medium was changed
twice a week. 

2.4.2  Chondrogenic differentiation
A pellet of 250 000 cells was generated by centrifugation
for 5 min at 200 × g0 (Multifuge 3 R-S, Heraeus). Cell pel-
lets were cultured in 1 mL proliferation medium supple-
mented with 50 μg/mL ascorbate-2-phosphate, 100 nM
dexamethasone, 100  μg/mL pyruvate, 40  μg/mL L-pro-
line, 1% v/v insulin-transferrine-selenite (all chemicals
from Sigma-Aldrich) and 10 ng/mL TGFβ3 (R&D Systems,
Wiesbaden, Germany) for four weeks. Medium was
changed twice a week.

2.4.3  Osteogenic differentiation
Cells were seeded in a density of 3 × 104 cells/cm2.
Osteogenic differentiation was induced by switching to
proliferation medium supplemented with 50  μg/mL 
L-ascorbic acid 2-phosphate, 10 mM β-glycerophosphate,
100  mM dexamethasone (all chemicals from Sigma-
Aldrich). Medium was changed three times a week for 
28 days.

2.5  Oil red O staining

Evaluation of adipogenic differentiation was performed
by staining of accumulated intracellular lipid droplets.
Therefore, cells were washed with PBS+ and fixed with
Histofix® (Roth, Karlsruhe, Germany) for 10 min. Follow-
ing two washing steps (PBS+ and aqua dest.), and perme-
abilization with 60% v/v isopropanol for 5 min, staining
was conducted with oil red O solution (0.3% w/v oil red O
from Sigma-Aldrich in 60% v/v isopropanol). For counter
staining, Mayer’s Haemalum solution (Fluka via Sigma-
Aldrich) was applied. Subsequently, samples were rinsed
with water and covered with Aquatex® (Merck Millipore,
Darmstadt, Germany). 

2.6  Analysis of chondrogenic differentiated cell
pellets

Cell pellets were washed with PBS+ and fixed with
Histofix® for 1 h. After paraffin embedding, 3 μm histo-
logical sections of the samples were generated, employ-
ing a microtome (Leica RM 2145, Wetzlar, Germany). 

2.6.1  Alcian blue staining at pH 1.0
For visualization of proteoglycans, which are abundant in
cartilage, Alcian blue staining was performed. Sections
were heated for 30  min at 60°C, and subsequently,
deparaffinized using Roticlear® (Roth) and decreasing
ethanol concentrations. Washing in 0.1 M HCl was per-
formed for equilibration. Alcian blue solution containing
1% w/v alcian blue 8GX (Sigma-Aldrich) in 0.1 M HCl was
applied. For counter staining, nuclear fast red solution (5%
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w/v aluminiumsulfate, 0.1% w/v nuclear fast red, in aqua
dest.) was used to visualize cell nuclei (all chemicals from
Sigma-Aldrich). After dehydrating, sections were cov-
ered with isomount® (VWR).

2.6.2  Antibody staining (collagen II)
Histological sections were heated for 15 min at 60°C after
deparaffinizing the samples using Roticlear® and
decreasing concentrations of ethanol. This was followed
by digestion with pronase (Roche Diagnostics, Mann -
heim, Germany), and incubation with 3% v/v H2O2 to
inactivate the cellular peroxidase. Samples were incubat-
ed with blocking buffer for the reduction of unspecific
binding. Incubation with primary antibody (mouse mon-
oclonal, clone II-4C11, Acris Antibodies GmbH, Herford,
Germany) was done in a dilution of 1:600 at 4°C overnight.
As secondary antibody, a multilink antibody (DCS Inno-
vative Diagnostik Systeme, Hamburg, Germany) was
applied in a dilution of 1:300. As substrate, AEC-Chro-
mogen (DCS Innovative Diagnostik Systeme) was used.
Nuclei were stained with Mayer’s Haemalaun. Finally,
sections were covered with Aquatex® (Merck Millipore). 

2.7  Alizarin red staining

Calcification was detected by staining of calcium deposi-
tions with alizarin red. Therefore, samples were washed
with PBS– and fixed with Histofix® for 10 min. Cells were
stained with alizarin red solution containing 1% w/v
alizarin red S and 0.25% v/v ammonia, pH 6.3–6.4 (both
chemicals from Sigma-Aldrich) for 30  min, and subse-
quently, rinsed with water.

2.8  Calcification assay

The protocol for the calcification assay was adopted from
Raeth et al. [20]. For staining of 3D scaffolds, cells were
fixed with 50% EtOH for 20 min and stained in 1% w/v
alizarin red (Sigma-Aldrich) at pH 6.3–6.4 for 30 min under
continuous shaking. Subsequently, cells were rinsed
three times with aqua bidest. For quantification of the cal-
cium content, the dye was solved with a solution con-
taining 0.5  M HCl (Sigma-Aldrich) and 5% w/v sodium
dodecyl sulfate (Sigma-Aldrich) for 30 min at room tem-
perature. Absorbance of the solvent was measured in a
plate reader at 415 nm (Infinite M200, Tecan).

2.9  Fluorescence-activated cell sorting analysis

Fluorescence-activated cell sorting (FACS) was applied to
profile the expression pattern, using antibodies against
CD73 (BD, Heidelberg, Germany), CD90, CD105, CD14,
CD19, CD34 and CD45 (all from Beckman Coulter, Krefeld,
Germany). Cells were diluted in stain buffer (FBS, BD
Pharmingen, Heidelberg, Germany), and 2 × 105 cells
were stained with 1  μg of antibody by incubation for

20 min at room temperature. Cells without antibody and
an isotype control against IgG1 were used as negative
control.

2.10  Immunofluorescence staining of actin 
and vinculin

Samples were fixed in Histofix® for 10 min and permeabi-
lized with 0.1% w/v Triton X 100 (Sigma-Aldrich) in PBS+

for 10 min. Following, samples were rinsed three times in
PBS+ for 2 min and incubated with primary antibody solu-
tion containing vinculin-FITC-conjugated 1:50 (Sigma-
Aldrich) and phalloidin Alexa Fluor® 546 (Life Technolo-
gies) in a dilution of 1:50 for 60 min. Subsequently, cells
were washed in PBS+ and mounted with ProLong Gold®

with DAPI (Life Technologies). 

2.11  Bioreactor system

The bioreactor system was composed of a medium reser-
voir, filled with 30  mL of growth medium (MSCGM™
 Bullet Kit™ supplemented with 2% v/v FCS, 50 units/mL
penicillin, and 50 μg/mL streptomycin), and the bioreac-
tor cartridge, which was harboring the scaffold inside a
silicone housing. A sampling port (Fenwal, Munich, Ger-
many) was incorporated for cell seeding and medium
change. To provide standardized pressure conditions, a
pressure sensor was installed at the inlet of the bioreactor
cartridge. Inside the cartridge, the silicone tube with an
inner diameter of 11 mm sealed the scaffold during the
experiments. Therefore, the construct inside the tubing
was mounted on a clamp that pressed the silicone tube
onto the cylinder jacket surface of the scaffold. Lids on
both ends were prepared with tube connectors for fluidic
bearing. Fluid flow was maintained by a peristaltic pump
(ISMATEC, Wertheim, Germany). 

2.12  Seeding of the scaffold material

Biodegradable porous Poly(LLA-co-CL) cylinders were
seeded under dynamic condition in the perfusion biore-
actor. Scaffolds were placed in the custom-fit notch of the
bioreactor cartridge and perfused by a peristaltic pump
for 1 h with cell culture medium. hMSCs were harvested
and suspended in growth medium to a concentration of 
5 × 105 hMSCs/mL. 10 mL of cell suspension was trans-
ferred to a 10 mL syringe and was injected air-bubble-free
through the sterile sampling port with a syringe pump
(Landgraf Laborsysteme, Langenhagen, Germany) with a
flow rate of 0.5 mL/min. Applied pressure was monitored
by the pressure sensor and controlled to 10–20  mmHg.
Then, cell suspension was pumped through the bioreac-
tor chamber in alternating cycles for 10 s forward and 3 s
backward at total of 1  h at 1.6  mL/min. Following, the
pump was stopped for 30 min to allow cell adhesion.
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2.12.1  Dynamic culture 
For culture, seeded scaffolds were perfused in the biore-
actor four times per hour for 5 min at 0.8 mL/min. The total
culture duration was either one day or seven days at 37°C
and 5% CO2. On day one and day four, 25 mL cell culture
medium was exchanged. During culture, no further
hMSCs were introduced into the system.

2.12.2  Static culture 
As a control, seeded scaffolds were cultured in static cul-
ture conditions. Therefore, dynamically seeded con-
structs were transferred from the bioreactor into a 50 mL
sterile glass bottle equipped with a 0.22 μm filter (Sarto-
rius, Goettingen, Germany) for gas exchange, and cul-
tured in growth medium at 37°C and 5% CO2. 25 mL medi-
um was exchanged on day one and four, analogously to
the dynamic culture. During culture, no further hMSCs
were introduced into the system.

2.13  RNA isolation and quantitative real time
polymerase chain reaction (qRT-PCR)

Scaffolds were stored in RNAlater (Life Technologies). For
analysis, homogenization of the cells was performed
using lysis tubes with a Speed Mill P12 (both from Ana-
lytik Jena AG, Jena, Germany). Following centrifugation,
RNA was isolated from supernatant using the innuSpeed
RNA Mini Isolation kit (Analytic Jena AG). Transcription
was done employing the Transcription First Strand cDNA
Synthesis Kit (Roche Diagnostics). Only RNA-samples
with a RIN-number of 9.0–10 were used. Quantitative
real-time PCR (qRT-PCR) was performed with the Quan-
tiFast SYBRr Green qRT-PCR Kit (Qiagen, Hilden, Ger-
many). Primers (Hs_ALPL_1_SG, Hs_BGLAP_1_SG,
Hs_COL1A1_1_SG, Hs_GAPDH_2_SG, Hs_RUNX2_1_SG,
Hs_SPP1_1_SG, Hs_SP7_1_SG, Hs_FAS1_SG, Hs_SER-
PINH1_1_SG, HS_SAFB_1_SG, Hs_GAPDH_2_SG and
Hs_RPLP0_2_SG) were purchased from Qiagen. House-
keeping genes gapdh and rplp0 were used for normaliza-
tion. 

2.14  Data analysis

Statistical significant differences were assessed by the
software OriginPro 8G, using the one factor analysis of
variance (ANOVA) employing post hoc Fisher LSD test.
Data were expressed as mean values ± standard devia-
tion. p-values less than 0.05 were defined as statistically
significant. *denotes a significant difference between
two experimental groups (*p<0.05; **p<0.01).

3  Results 

3.1  Isolated human mesenchymal stem cells
exhibit typical surface marker profile 
and multipotent differentiation capacity 
in two-dimensional culture

According to the International Society for Cell Therapy,
different criteria should be applied for the characteriza-
tion of stem cells. In addition to plastic adherence and
expression of specific cell membrane proteins, the capac-
ity to differentiate into adipocytes, osteoblasts and chon-
drocytes are required. hMSCs of four donors were ana-
lyzed by FACS to detect the antigen surface profile
(Fig. 1A). CD73, CD90 and CD105 are known as positive
marker proteins and were expressed in a consistency of
>95%. The cell populations were negative for the surface
antigens CD14, CD19, CD34 and CD45. 

Differentiation of hMSCs was performed by medium
supplementation revealing the capacity of osteogenic,
adipogenic and chondrogenic lineage commitment.
Results depicted in Fig. 1B–I are exemplarily shown for
one donor (male, age 24). After 28 days of exposition to
osteogenic medium, cells exhibited a strong calcium dep-
osition, which was demonstrated by alizarin red staining
(Fig. 1C). In contrast, no staining was observed in the neg-
ative control when cells were cultured in proliferation
medium (Fig. 1B). Oilred O staining displayed a strong for-
mation of cytoplasmic lipid droplets in hMSCs (Fig. 1E).
No lipid droplets, and thus, no adipogenic differentiation
were detected in the negative control, which was cul-
tured in proliferation medium (Fig.  1D). The analysis of 
the chondrogenic differentiation in pellet cultures after 
28 days was performed by collagen type II staining
(Fig. 1F and 1G) and alcian blue (Fig. 1H and 1I). Alcian
blue revealed prominent staining as well as collagen II and
demonstrated chondrogenic lineage commitment, in con-
trast to pellets which were cultured in proliferation medi-
um. Furthermore, osteogenic differentiation was ana-
lyzed by qRT-PCR measurement of alpl, bglap, col1a1,
runx2, spp1 after one and seven days of cell culture in pro-
liferation medium and differentiation medium (Fig. 1J and
1K). Genes, known as early marker genes such as alpl,
col1a1 and runx2 showed a higher gene expression after
chemically induced osteogenesis compared to cells in
proliferation medium. However, the statistical analysis
revealed no significant induction of osteogenic related
marker genes. Statistical significant decrease of gene lev-
el expression was detected for bglap (day one) and spp1
(day seven).

3.2  Computational modeling predicts fluid
mechanics

The perfusion bioreactor system was composed of the
bioreactor cartridge confining the scaffold, a reservoir

www.biotecvisions.comwww.biotechnology-journal.com

Biotechnology
Journal Biotechnol. J. 2015, 10, 1727–1738

© 2015 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



flask, and an adapter for a pressure sensor (Fig.  2A). 
A peristaltic pump delivered cell culture medium from the
reservoir flask to the bioreactor cartridge. The concept of
the bioreactor cartridge (Fig. 2B) ensured homogeneous
flow conditions inside the scaffold by pressing a silicone
tube to the cylinder jacket surface of the porous polymer.
Computational modeling of the bioreactor fluid dynamics
allowed identifying the flow characteristics in the biore-
actor and the resulting mechanical stimulation (Fig. 2C).
The average mechanical shear stress at an inflow rate of
0.8 mL/min was calculated to 7.6 × 10-5 N/m2. When not
sealing the cylinder jacket surface of the scaffold, the
average mechanical shear stress was reduced to 6.6 ×
10–6 N/m2 (Fig.  2D). The lower shear stress conditions
resulted from a high volume flow in the gap between scaf-
fold and housing. This also led to a heterogeneous perfu-

sion of the scaffold as depicted by the streamlines that are
solely present inside the scaffold in the proximity of the in-
and outlet.

3.3  Poly(L-lactide-co-caprolactone) scaffold
material supports cell attachment

The P(LLA-co-CL) scaffold featured a cylindrical geome-
try with a diameter of 10.5  mm and 25  mm in height
(Fig.  3A). μCT analysis (Fig.  3B) and scanning electron
microscopy (SEM; Fig.  3B) revealed a disordered and
complex structure, exhibiting porous – porosity 90% –,
highly interconnected material properties. 

In order to show the capacity of the scaffolds to sup-
port attachment of hMSCs, cell material interaction was
analyzed by immunofluorescence staining against actin

www.biotechnology-journal.com www.biotecvisions.com

Biotechnology
Journal Biotechnol. J. 2015, 10, 1727–1738

1732 © 2015 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Characterization of human mesenchymal stem cells (hMSCs). (A) Fluorescence activated cell sorting (FACS) analysis depicts the average expres-
sion ± standard deviation of typical markers for human mesenchymal stem cells (hMSCs) of four different donors. (B, C) Osteogenic differentiation was
demonstrated by alizarin red staining on day 28. (D, E) The formation of lipid droplets in adipogenic differentiated cells is shown by oilred O staining on
day 14. The chondrogenic differentiation was performed by pellet cultures for 28 days and detected by histological staining of (F, G) col type II and (H, I)
alcian blue to verify the expression of glycosaminoglycans. Cells cultured in proliferation medium were used as negative control. Exemplary images are
shown from four independent experiments, including three replicates for each experiment. Expression of osteogenic related marker genes were analyzed by
quantitative real time polymerase chain reaction (qRT-PCR) on (J) day one and (K) day seven. Gene levels of cells cultured in proliferation medium were
used for normalization. Time-fold gene expression was normalized to the housekeeping gene gapdh and rplp0 expression. *denotes a significant difference
between culture conditions (*p<0.05; **p<0.01). Error bars depict standard deviation. All results comprise the average data of four different donors, each
donor includes three internal replicates.
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Figure 2. Bioreactor set up and computational modeling. (A) A bioreactor set up was composed of a bioreactor cartridge loaded with a poly(L-lactide-
co-caprolactone) (P[LLA-co-CL]) scaffold (1), a computer-controlled pump (2), a reservoir flask including air filters (3), a septum for cell seeding (4), an
adapter to attach a pressure sensor (5), and a rack system that allows easy handling (6). (B) A cross section shows the concept of the bioreactor cartridge.
From an inlet (7), cell culture medium was guided through the cylindrical P[LLA-co-CL] scaffold (8) to an outlet (9). The bioreactor housing (10), pressed a
silicone tube (11) to the cylinder jacket surface of the P[LLA-co-CL] scaffold to ensure homogeneous flow conditions in the scaffold. (C) Computational
modeling depicts the fluid mechanical conditions in the bioreactor and scaffold. The average shear stress inside the scaffold was calculated to 
7.6 × 10–5 N/m2. Due to the sealed cylinder jacket surface, all streamlines stayed within the scaffold. (D) In contrast, the open boundaries of the unsealed
scaffold reduced the number of streamlines inside the scaffold to a minimum. Except from regions close to the in- and out-let, the scaffold was free of con-
vective flow. This also resulted in low shear stress conditions of 6.6 x 10–6 N/m2, 10-fold lower compared to the radially sealed scaffold.

Figure 3. Characteristics of the applied
material and evaluation of cell adhesion
on the scaffold. (A) Macroscopic and 
(B) μCT analysis, and (C) scanning elec-
tron microscopy (SEM) images of the
poly(L-lactide-co-caprolactone) (P[LLA-
co-CL]) scaffolds. From μCT data, poros-
ity was determined to 90%. Interconnec-
tivity was characterized as 35 mm2 in a
total volume of 80 mm3. Approximately
99% of all pores were interconnected. 
To investigate cell material interaction,
immunohistological stainings were per-
formed and analyzed by laser scanning
microscopy. (D, H) Cell nuclei were
stained with DAPI (blue). To show cell
adhesion and cell morphology of cells in
the P(LLA-co-CL) scaffolds, fluorescence
staining of (E, I) actin (red) and (F, J)
vinculin (green), as a prominent compo-
nent of focal adhesions, was performed
(n = 4). Staining was conducted 48 h
after seeding human mesenchymal stem
cells (hMSCs) either into the cylindrical
material or for comparison on standard
tissue culture polystyrene (TCPS). 
(G, K) Merged images.



and vinculin. Focal adhesions were formed by cells
adhered to the substrate. When comparing hMSCs
attachment on P(LLA-co-CL) (Fig. 3 D–G) and standard
cell culture flasks (Fig. 3 H–K), distribution of focal adhe-
sion and actin filaments appeared more chaotic in the 3D
culture due to the complex structure of the porous mate-
rial, which also resulted in an apparently higher cell den-
sity. 

3.4  Dynamic seeding and culture conditions result
in homogenous cell distribution and induce
mechanical stimulation

The closed bioreactor system, a peristaltic pump, and a
pressure gauge were used to control seeding and culture

conditions. The reactor cartridge (Fig.  2A) sealed the
 scaffold and allowed perfusion through construct. 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) staining was performed on day one and sev-
en to show cell viability and to analyze cell distribution
within the material (Fig. 4A). Analysis of cross sectioned
scaffolds at day seven revealed a homogenous cell distri-
bution of viable cells throughout the scaffold for dynamic
culture conditions, whereas cells in static conditions were
restricted to the periphery of the scaffold. To analyze the
influence of dynamic and static culture conditions on a
molecular level, expression of stress-related genes was
determined by qRT-PCR (Fig. 4B and 4C). Therefore, scaf-
folds were seeded with cells of each donor. The stress
marker genes fas and safb in dynamic culture conditions
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Figure 4. Evaluation of seeding efficacy and regulation of stress related genes within the scaffolds. (A) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) staining revealed the distribution of viable cells within the polymer scaffold after one and seven days. Cylinders were seeded employing an oscillat-
ing flow of 1.6 mL/min for 1 h. Following, statically cultured controls were placed in a glass bottle occupied with cell culture medium without flow condi-
tions, whereas dynamically cultured samples were perfused applying a constant flow of 0.8 mL/min for 7 days. (B, C) Samples were analyzed by quantita-
tive real time polymerase chain reaction (qRT-PCR) for detection of genes related to stress markers (fas1, safb, serpinh1). Housekeeping genes gapdh and
rplp0 were used for normalization. Furthermore, time-fold gene expressions were normalized to control cells in standard two-dimensional (2D) culture
conditions. Legend: Control 2D: human mesenchymal stem cells (hMSCs) on standard tissue culture polystyrene using proliferative medium; Osteogenic
2D: hMSCs on standard tissue culture polystyrene using osteogenic differentiation medium; Static 3D: hMSCs in the 3D polymer scaffold using prolifera-
tive medium; Dynamic 3D: hMSCs in the 3D polymer scaffold exposed to shear stress employing the bioreactor system (n = 4). *denotes a significant dif-
ference in gene level expression between culture conditions (*p<0.05; **p<0.01), error bars represent standard deviation.
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were up-regulated compared to static culture conditions
on day one. The expression rate of safb and fas turned out
to be significantly up-regulated after seven days of
dynamic culture in comparison to static culture condi-
tions. On day seven, also serpinh1 exposed a significant-
ly higher up-regulation in dynamic conditions compared
to static culture. For comparison, neither safb, fas, nor ser-
pin showed significant differences between proliferation
and osteogenic medium on day one and day seven. Inter-
estingly, in the 3D culture system, except from serpinh1
on day seven, all measured stress markers were lower
compared to the standard two-dimensional (2D) culture
conditions for all experimental settings. 

3.5  Dynamic culture conditions induce calcification
and up-regulation of osteogenic gene
expression

To investigate the influence of dynamic culture condi-
tions on osteogenic lineage commitment, alizarin red
staining was performed for static and dynamic culture

conditions and both time points (Fig.  5A). Cell-loaded
scaffolds cultured for seven days, exhibited stronger cal-
cification than constructs that were cultured for one day.
For quantification, a calcification assay was conducted
(Fig. 5B). The quantification verified an increase of calci-
fication from day one to day seven. Additionally, a signif-
icant difference was detected between static and dynam-
ic culture conditions for day seven. For comparison, cell-
free scaffolds control exhibited a readout of 0.23 ± 0.008
[a. u.].

To confirm these findings, qRT-PCR was performed. In
dynamic culture conditions, except from bglap, osteo -
genic-related genes that are known to be up-regulated in
early stages of the osteogenic differentiation process,
were higher expressed at day one (Fig. 5C). On day sev-
en, bglap was still decreased for the dynamically cultured
cells compared to the static control and alpl was down-
regulated in comparison to day one (Fig. 5D). On day one,
alpl showed significantly higher values compared to the
static cultured cells. This was also seen for col1a1, runx2,
and spp1. Two times higher expression at day one and
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Figure 5. Osteogenic differentiation in a three-dimensional (3D) construct. Human mesenchymal stem cells (hMSCs) were cultured for one or seven days
in proliferation medium under static or dynamic culture conditions. (A) Alizarin red staining was used to analyze mineralization. (n = 4) (B) Calcium con-
centration was measured quantitatively by dissolving alizarin red. Furthermore, times-fold gene expression was measured by quantitative real time poly-
merase chain reaction (qRT-PCR). Osteogenesis related genes were analyzed at (C) day one and at (D) day seven. *denotes a significant difference
between culture conditions (*p<0.05; **p < 0.01). Error bars depict standard deviation. Data are shown as average from four different donors, each donor
comprises three internal replicates.



five times higher expression at day seven was observed
for col1a1. runx2 turned out to be three times higher in the
dynamic culture in comparison to the static control on day
seven. The three-fold higher expression of spp1 on day
one increased to a nine-fold higher value on day seven,
when comparing static and dynamic culture.

4  Discussion

Tissue-engineered bone grafts are considered as an alter-
native treatment for critical size bone defects [3, 4]. The
minimal dimension of a critical size bone defect depends
on the organism. For mice, 4 mm defect size was identi-
fied as critical [21], rabbit defect critical sizes should
exhibit a length of 6 mm, and larger animal models more
than 12  mm [22]. In our study, P(LLA-co-CL) cylinders
with a diameter of 10.5 mm and a length of 25 mm were
used as scaffolds to meet the requirements for critical size
defects in large animals and humans [23].

Several studies indicated improved bone formation of
synthetic bone substitutes when the material is seeded
with cells before implantation [3, 24]. For cell seeding, dif-
ferent strategies such as incubation in cell suspension
[16, 25] or centrifugation [26] were described. Further-
more, shaking was claimed to allow high seeding effi-
ciency with uniformly distributed cells within a scaffold
[27]. We establish a seeding protocol employing bioreac-
tor technology allowing homogeneous distribution of
hMSCs in cylindrical scaffolds.

In previous studies, oscillating flow for seeding has
already been described as beneficial regarding cell viabil-
ity [28, 29]. However, for the P(LLA-co-CL) scaffolds, opti-
mal parameters had to be identified. In contrast to previ-
ously published protocols, scaffold seeding was already
accomplished after 1 h in comparison to 2 h. Further, the
seeding parameters exhibited a higher dynamic in terms
of flow velocity (0.15 or 1.0 mL/min vs. 1.6 mL/min) and
oscillating frequency (5 min vs. cycles for 10 s forward and
3  s backward). From a technological point of view, our
seeding process was performed fully automatically with-
out manual intervention. Furthermore, pressure was con-
trolled during seeding. Efficient seeding could be demon-
strated on day one. After seven days of dynamic culture,
an almost homogenous cell distribution, even in the core
region of the cylinder was found. MTT staining of the
cross-sectioned scaffolds showed viable cells after seven
days of exposure to perfusion. We concluded that the
identified flow rate of 0.8 mL/min during culture results in
a sufficient nutrients supply and waste product removal.
At higher flow rates, we observed decreased cell densi-
ties, probably due to cell death. This correlates to previ-
ously published data by Cartmell et al. [25]. Furthermore,
we analyzed the apoptosis marker fas and detected an
increased gene level expression on day one, compared to
statically cultured scaffolds. After seven days of flow

exposure, the gene level expression remained on similar
levels and did not increase further. In contrast to static
culture conditions, the expression profile of serpinh1,
which is correlated to general stress (Heat shock protein
47) [30], is highly up-regulated on day one and seven, and
displays the effect of shear stress to the cells. Up-regula-
tion was also detected for the stress marker safb, the scaf-
fold attachment factor B, which contributes in stress reg-
ulation and in differentiation processes. We decided to
monitor this marker, which is described as intermediary
in shear-induced signals and is up-regulated in response
to fluid shear stress in endothelial cells [31]. We observed
a significant up-regulation of gene expression at day sev-
en in fluid-stress-exposed cells. Interestingly, when com-
paring stress marker levels of cells in the 2D and 3D cul-
ture, gene level expression was lower in 3D for all experi-
mental conditions, except serpinh1 at day seven. The 3D
culture environment and the material parameters seem to
provide more physiological conditions in terms of i.e.
mechanical properties [10], cell orientation (Fig. 3) or cell
communication via soluble factors compared to the 2D
culture [32]. Nevertheless, introduction of flow into the 3D
construct increases stress marker expression levels.

Although high cell densities are achievable and low
stress marker levels are observed in the bioreactor sys-
tem, the construct nutrient supply will be impaired after
implantation in absence of convection due to size of the
construct. In native bone, the periosteum, which is high-
ly vascularized, provides nutrients to the bone tissue.
Thus, for future work, strategies for introducing artificial
periosteum tissue are required. Nevertheless, direct per-
fusion in the bioreactor can be employed further to trigger
specific lineage commitment. 

In the bioreactor system, perfusion leads to shear
stress that triggers cell differentiation [33]. Osteogenic
lineage commitment was demonstrated qualitatively by
alizarin red staining. Previous studies have already shown
an increased expression of bone markers in osteoblast-
like cells that were cultured statically in P(LLA-co-CL)
scaffolds [10, 34]. The significantly higher calcification in
dynamic culture conditions in comparison to static cul-
ture conditions shows that the developed bioreactor sys-
tem allows to further strengthen osteogenic lineage com-
mitment. To support these findings, gene level expression
was investigated. Induction of osteogenic differentiation
results in up-regulation of osteogenic marker genes
including collagen 1A1 (col1a1), alkaline phosphatase
(alpl), runx related factor 2 (runx2), osteonectin (sparc),
and osteocalcin (bglap) [35]. Our data evince that shear
stress, evoked by perfusion, increases the expression of
these osteogenesis related genes. On day one, the expres-
sion of quiet early regulated genes as alpl, runx2, col1a1,
and spp1 was higher in dynamically cultured compared to
statically cultured cells. Strongest up-regulation was
detected for spp1 on day one and day seven. Osteopontin
was described to have a crucial role in bone remodeling
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processes in response to mechanical stress, the high up-
regulation of spp1 can be attributed to shear stress in
dynamical culture [36]. In previous studies which
employed shear stress in addition to supplementation of
dexamethasone and ascorbic phosphate into the cell cul-
ture medium, increased osteogenic expression patterns
were detected [18, 25]. Interestingly, mechanical induc-
tion of osteogenic lineage commitment exhibits higher
cell compatibility, when comparing expression of stress
markers of cells that were differentiated with soluble fac-
tors and cells that were cultured in the bioreactor.

The developed bioreactor technology allows the gen-
eration of cell-loaded bone substitutes for treatment of
critical size bone defects by overcoming limitations of
nutrients supply in a complex 3D scaffold. The dynamic
culture conditions enhance calcification and expression
of osteogenic related genes after one week of culture.
Without adding growth factors, solely by mechanical
stimulation, early osteogenic lineage commitment was
achieved. The omission of soluble factors supports the
development of processes compliant to GMP guidelines,
and may accelerate technology translation in clinical
applications. 
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