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Abstract:
Electrospinning has attracted significant attention as a method to produce cell culture substrates
whose fibrous structure mimics the native extracellular matrix (ECM). In this study, the
influence of E-modulus of fibrous substrates on the lineage commitment of human adiposederived stem cells (hADSCs) was studied using fiber meshes prepared via the electrospinning
of a polyetheresterurethane (PEEU) consisting of poly(ρ-dioxanone) (PPDO) and poly(ɛcaprolactone) (PCL) segments. The PPDO:PCL weight ratio was varied from 40:60 to 70:30
to adjust the physiochemical properties of the PEEU fibers. The cells attached on stiffer
PEEU70 (PPDO:PCL = 70:30) fiber meshes displayed an elongated morphology compared to
those cultured on softer fibers. The nuclear aspect ratio (width vs. length of a nucleus) of
hADSCs cultured on softer PEEU40 (PPDO:PCL = 40:60) fibers was lower than on stiffer
fibers. The osteogenic differentiation of hADSCs was enhanced by culturing on stiffer fibers.
Compared to PEEU40, a 73% increase of osteocalcin expression and a 34% enhancement of
alkaline phosphatase (ALP) activity were observed in cells on PEEU70. These results

demonstrated that the differentiation commitment of stem cells could be regulated via tailoring
the mechanical properties of electrospun fibers.
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1. Introduction
Mesenchymal stem cells (MSCs), a cell source for bone regeneration [1-3], were originally
identified in bone marrow, but can also be obtained from other mesenchymal tissues, avoiding
invasive aspirate procedures [4]. Among all sources, adipose tissue is an attractive source for
MSC due to its abundance and relative accessibility by using routine liposuction procedures
with minimal morbidity [5-7]. MSC differentiation into multiple cell types, including
osteoblasts, can be regulated by ECM stiffness in its local microenvironment [8, 9].
Recently, human adipose-derived stem cells (hADSCs) have been widely applied for bone
regeneration as a result of their great potential for maintaining the integrity of bone [10-12].
However, large-scale production of clinical-grade hADSC and hADSCs derived osteocyte
remains a bottleneck to meet clinical demand due to expense, limited scalability and high batchto-batch variability of the substrate. Therefore, it is necessary to develop inexpensive, robust,
scalable substrates with well-defined biomaterials [13, 14].
Electrospinning is a versatile and efficient technique for the production of nano- and microfiber based scaffolds with an inherent porous structure [15]. This technique allows the
adjustment of the scaffold morphology, the surface area to volume ratio, and porosity [16].
Further, electrospun fibers can potentially mimic parts of the native extracellular matrix (ECM)
in human tissue and provide relevant signals to modulate cells behavior. Electrospun nanofibers
can facilitate MSCs’ cell attachment and proliferation, and modulate MSCs’ differentiation
[17].
Poly (ε-caprolactone) (PCL) is a chemically established implantable biomaterial capable of
supporting the MSCs’ proliferation and osteogenic differentiation in vitro [18, 19]. Poly(ρdioxanone) (PPDO) is a hydrolytically degradable material and can promote hydrophillity,
enhancing cell-material attachment [20]. In this study, a polyetheresterurethane (PEEU)
containing poly(ρ-dioxanone) (PPDO) and poly(ε-caprolactone) segments was electrospun into
fiber meshes. The effect of substrate stiffness on hADSC behavior was investigated by
culturing hADSCs on electrospun PEEU fiber meshes. The cell morphology was carefully
studied in terms of the influence of the mechanical properties of the mesh on hADSCs
osteogenic differentiation.

2. Materials and Methods
2.1. PEEU synthesis and electrospinning
Polyesteretherurethane (PEEU) polymers with different PPDO to PCL weight ratios (40:60,
50:50, 60:40, 70:30) were synthesized following the procedure described in our previous work
[21], named PEEU40, PEEU50, PEEU60 and PEEU70 respectively. L-lysine diisocyanate was
used as the linker for poly(ρ-dioxanone) diol and poly(ɛ-caprolactone) diol.
The fiber meshes were prepared by electrospinning of PEEU. PEEU was dissolved in
hexafluoroisopropanol (HFIP) at a concentration of 11 wt% and filtered using a glass fiber
filter with 1 µm pore size. The solution was electrospun in a chamber with 20% humidity at
the solution flowrate of 2.1 mL/h. The applied voltage ranged from 10 at the beginning to 18
kV at the end of spinning. The fibers were collected on a polypropylene film wrapped drum
collector rotating at a speed of 5 rpm, with the distance between the tip to the collector set at
25 cm. Prior to cell culture, the fiber meshes were sterilized using 10% (v/v) ethylene oxide, at
45 ºC and 1.7 bar for 3 hours. The fiber diameter was examined by analyzing the scanning
electron microscopic images of the fiber meshes using Image J software (version 1.44; National
Institutes of Health). All of the fiber meshes showed the similar average fiber diameter ranging
from 1.4 to 1.7 µm.
2.2. Mechanical testing
Test specimens were investigated at ambient temperature with a Zwick Z005 (Zwick GmbH,
Ulm, Germany). The stretching rate was kept constant at 10 mmmin-1 for all tensile tests. Three
to five samples were investigated for each fibrous mesh. The Young’s moduli (E) of the fibrous
meshes were determined from the stress-strain curve at the strain region of 1% to 5%. The
young’s modulus of each prepared fiber mesh was measured as 2.6 ± 0.8 MPa (PEEU40), 3.2
± 0.9 MPa (PEEU50), 4.0 ± 0.9 MPa (PEEU60) and 4.5 ± 0.8 MPa (PEEU70), respectively.
2.3. Cultivation of hADSCs
The hADSCs were isolated from human adipose tissue of a female donor after informed
consent (No.: EA2/127/07; Ethics Committee of the Charité - Universitätsmedizin Berlin,
approval from 17.10.2008), as described previously [22]. The cells were maintained in human
adipose-derived stem cell medium (ADSCTM growth medium, Lonza, Walkersville, MD, USA)
at 37 °C in a humid atmosphere containing 5% (v/v) CO2. The growth medium was changed

every 2 days. The cells were dissociated using 0.25% (w/v) trypsin–EDTA solution when
reaching around 90% confluence, and were subcultured to new flasks.

2.4. Cell staining, morphology and nuclear aspect ratio

The cells were seeded on PEEU fiber meshes at the density of 5.0 × 104 / cm2. After 7 days of
incubation in growth medium, the hADSCs were fixed with 4% (w/v) paraformaldehyde
(Thermo Fisher Scientific, Waltham, USA), followed by PBS washing for 3 times, with 5
minutes for each. The hADSCs were then permeabilized with 0.02% of triton x-100 in PBS for
10 minutes and washed with PBS for 3 times. Then, 5% (w/v) bovine serum albumin (BSA) in
PBS was applied for 1 hour to block non-specific antigens. The cytoskeleton and nuclei were
stained with ActinRed™ 555 (Life Technologies, Darmstadt, Germany), and Hoechst 33342
(Life Technologies, Darmstadt, Germany) according to the given protocol. The stained samples
were washed with PBS and observed under a confocal laser scanning microscope (LSM 780,
Carl Zeiss, Jena, Germany). The aspect ratio of cells and nuclei, and the nuclei size were
analyzed using Image J software (National Institutes of Health, USA).

2.5. Differentiation assay
The hADSCs were seeded on the fiber meshes at a density of 1 × 105 cells / cm2. After 3 days
of culture in growth medium to obtain a high cell density, the PEEU fiber meshes were
transferred into a new 24-well plate and cultured with the competitive differentiation medium,
which was prepared by mixing adipogenesis medium (StemPro® Adipogenesis Differentiation
Kit, Thermo Fisher) and osteogenesis medium (StemPro® Osteogenesis Differentiation Kit,
Thermo Fisher) at a ratio of 1: 1 (v/v). The competitive differentiation medium was changed
every three days. After 3 weeks of culture, the osteogenic differentiation of hADSCs was
examined.

2.6. Enzyme-linked immunosorbent assay (ELISA)
The osteogenic differentiation of hADSCs on different PEEU fiber meshes was studied by
quantification of osteocalcin (OCN) using ELISA. The hADSCs cultured in the competitive

differentiation medium for 3 weeks were lysed using the RIPA Lysis and Extraction Buffer
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) containing a mixture of 1× Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The lysate was centrifuged with a centrifugal force of 15000 g for 15
min and the protein concentration in the supernatant was measured using a BCA protein assay
kit (Thermo Fisher Scientific, Bonn, Germany). The osteocalcin in the supernatant was
quantified using the Human Osteocalcin-ELISA kit (Invitrogen, California, USA), and was
normalized by the amount of total protein in the extract which measured using a BCA protein
assay kit (Thermo Fisher Scientific, Bonn, Germany).
2.7. ALP activity quantification
The hADSCs were cultured on different PEEU fiber meshes in the competitive differentiation
medium for 3 weeks. The cells were lysed, and the supernatant was collected for measuring
ALP activity using an alkaline phosphatase assay kit (Abcam, Berlin, Germany). The results
were normalized by the amount of total protein.
2.8. Mineralization assay
After 3 weeks of culture in mixed differentiation media, the cells were fixed with 4% (w/v)
paraformaldehyde (ThermoFisher Scientific, Waltham, USA) for 20 minutes. The
OsteoImage™ Mineralization Assay kit (Lonza, Walkersville, MD, USA) was used to stain the
hydroxyapatite. The cell nucleus was stained with Hoechst 33342 (Life Technologies,
Darmstadt, Germany). The stained samples were then imaged using a confocal laser scanning
microscope (LSM 780, Carl Zeiss, Jena, Germany). The fluorescence intensity of the stained
hydroxyapatite was analyzed using Image J software (National Institutes of Health, USA).
2.9. Statistics
The number of replications for experiments was indicated in the figure legends for each assay.
The data are presented as mean ± standard deviation. Statistical analysis was performed using
the two-tailed independent-samples t test, and a p value less than 0.05 was considered as
statistically significant.
3. Results and discussion
3.1 hADSC morphology on PEEU fiber meshes

In this study, the effect of the stiffness of PEEU fiber meshes on the morphology of hADSCs
was investigated. The cells attached on all of the PEEU fibers exhibited a variation in cell
morphology (Fig. 1a). After 7 days of culture in a growth medium, the cells on stiffer fiber
meshes (PEEU60 and PEEU70) were highly elongated compared to the cells on softer fiber
meshes (PEEU40 and PEEU50) (Fig. 1b). Stronger and highly aligned F-actin stress fibers
could be observed in cells on PEEU70 (Fig. 1a). It is known that MSCs display a more widely
spread morphology on stiffer surfaces than on their softer counterparts. The stiffer surface
potentially facilitates the formation and organization of F-actin cytoskeleton [23]. In agreement
with work reported elsewhere, our results indicated that the morphology of hADSCs was highly
related to the E-modulus of the PEEU fiber meshes.

Figure 1. The stiffness of PEEU fibers modulates the morphology of hADSCs. (a)
Representative images of cells cultured on different fiber meshes in growth medium for 7 days.
Cells were stained to visualize the F-actin cytoskeleton (red) and nuclei (blue) (scale bar = 20
µm). (b) The aspect ratio of hADSCs on PEEU fiber meshes. The number of cells counted for
analysis was: n PEEU40 = 381; n PEEU50 = 383; n PEEU60 = 376; n PEEU70 = 425 (*p < 0.05).

3.2 Nuclear shape of hADSCs on PEEU fiber meshes

Cell nuclei are able to perceive mechanical stimuli from culture substrates through the
cytoskeleton. Although intracellular tension can be partially balanced by the nucleus, higher
tension induces the shape change of cell nucleus. For example, nuclear shape change has been
demonstrated to be induced by the rigidity of cell culture substrate [24-27]. Changes in nuclear
shape could explain conformational changes in chromatin structure and organization, which
directly regulate the transcription process and consequently modulate stem cell growth or
differentiation [28]. Based on the observed shape change of hADSCs on PEEU fiber meshes
with different stiffness’s, the fiber meshes were expected to have an effect on the nuclear shape
of hADSCs.
After 7 days of culture on the fiber meshes, the cells were stained with Hoechst 33342 to
analyze their nuclear shape. The round shaped nuclei could be observed in the cells on softer
fiber meshes (PEEU40 and PEEU50), while the relatively elongated nuclei were found in cells
on stiffer fiber meshes (PEEU60 and PEEU70) (Fig. 2a).
Analysis of nuclear aspect ratio and size illustrated that the cells on PEEU40 exhibited the
lowest aspect ratio of cell nuclei. The nuclei were elongated with the increase of fiber mesh
stiffness. The aspect ratio of cell nuclei on PEEU50, PEEU60 and PEEU70 was significantly
higher than on PEEU40 (Fig. 2b). In addition, the cells on PEEU40 had the significantly larger
nuclei (193.7 ± 70.9 µm2) than the cells on other fiber meshes (PEEU50: 147.4 ± 44.9 µm2;
PEEU60: 163.3 ± 48.0 µm2; PEEU70: 185.7 ± 60.9 µm2) (Fig. 2b). These results suggested
that the stiffness of PEEU fiber meshes could effectively influence the cell shape and
morphology. The mechanical force could be transmitted from the cell-fiber interface to the cell

nuclei, potentially regulating cell behavior such as differentiation.

Figure 2. The stiffness of PEEU fibers influences the nuclear shape of hADSCs. (a)
Representative images of nuclei (blue) of hADSCs cultured on different fiber meshes in growth
medium for 7 days. The nuclei were stained with Hoechst 33342 (scale bar = 20 µm). (b) The
nuclear aspect ratio (left) and size (right) of hADSCs cultured on different PEEU fiber meshes
for 7 days. The number of cell nuclei counted for analysis was: n PEEU40 = 215; n PEEU50 = 311;
n PEEU60 = 258; n PEEU70 = 172 (*p < 0.05).

3.3 ADSCs density on fiber meshes scaffolds
Cell density plays a vital role in regulating mesenchymal stem cell differentiation [29, 30]. The
differentiation of hMSCs started with low cell density promotes osteogenic differentiation
while high cell density promotes adipogenic differentiation [31]. Therefore, in order to study
the effect of fiber mesh stiffness on osteogenic differentiation of hADSCs, the influence of cell
density should be eliminated. To regulate the cell density of the hADSCs at the beginning of
differentiation, the cell were seeded on the meshes with a high cell number (1 × 105 cells / cm2).
After 3 days of culture in growth medium, the cell density on the fiber meshes was evaluated
via staining the F-actin and cell nuclei (Fig. 3a). The cells on different fiber meshes had the
similar cell density (Fig. 3b), suggesting the similar cell attachment of hADSCs on the PEEU

fiber meshes. The differentiation experiment could then be performed with a similar cell
density from the beginning of the process.

Figure 3. The density of hADSCs on fiber meshes scaffolds. Cells were seeded with a high
density, and were stained to visualize F-actin cytoskeleton (red) and nuclei (blue) after 3 days
of culture in growth medium. (a) Representative images of hADSCs on different fiber meshes
(scale bar = 200 µm). (b) The density of hADSCs assessed by counting the cell nuclei in the
fluorescent images. The number of the images for analysis was: n
PEEU60

PEEU40

= 4; n

PEEU50

= 3; n

= 4; n PEEU70 = 4.

3.4 Osteogenic differentiation of hADSCs on PEEU fiber meshes
The expression of osteogenic marker – osteocalcin in hADSCs cultured on PEEU fiber meshes
for 3 weeks in competitive differentiation medium was quantified using an ELISA kit. An
increasing trend of osteocalcin level was observed with the increase of fiber mesh stiffness (Fig.
4a). The osteocalcin level in cells on stiffer fiber meshes (PEEU50, PEEU60 and PEEU70)
was significantly higher than that on the softer PEEU40 fiber mesh. The activity of bonespecific alkaline phosphatase (ALP) was examined to evaluate the osteogenic differentiation

of hADSCs on the fiber meshes. The highest ALP activity was found in the cells cultured on
PEEU70 fiber mesh, which was significantly higher than that in other groups (Fig. 4b). These
results suggested that the fiber mesh with a higher E-modulus could effectively enhance
osteogenesis of hADSCs compared to the softer fiber meshes.

Figure 4. PEEU fiber with a higher stiffness enhances the osteogenic differentiation of hADSCs.
The cells were cultured in competitive differentiation medium for 3 weeks. (a) The osteocalcin
expression of hADSCs on different fiber meshes was normalized by the amount of total protein
(n

PEEU40

= 6; n

PEEU50

= 6; n

PEEU60

= 6; n

PEEU70

= 6). (b) The ALP activity of hADSCs on

different fiber meshes was normalized by the total amount of protein. (n PEEU40 = 5; n PEEU50 =
5; n PEEU60 = 4; n PEEU70 = 6). (*p < 0.05)
3.5 Fluorescence imaging of osteoblast mineralization
Cells remodel their surrounding ECM by producing extracellular matrix proteins and regulators
of matrix mineralization during osteogenic differentiation. Mature osteoblasts are typically
indicated with mineralized matrix as they deposit hydroxyapatite crystals [32]. To examine the
osteogenic differentiation of hADSCs on the fiber meshes, the samples were stained to evaluate
the abundance of hydroxyapatite (Fig. 5a). A higher level of hydroxyapatite was detected on
stiffer fiber meshes (Fig. 5b left). The quantification data normalized by cells number showed
that the hydroxyapatite amount gradually increased with the increase of fiber mesh E-modulus

(Fig. 5b right), with the highest fluorescence intensity of hydroxyapatite found on PEEU70
fiber mesh. The results confirmed the enhancement of osteogenic differentiation of hADSCs
in the materials with higher fiber mesh stiffness.

Figure 5. PEEU fiber meshes with higher stiffness enhance the mineralization of hADSCs. The
cells were cultured in a competitive differentiation medium for 3 weeks. (a) Representative
images of hADSCs on different fiber meshes. The cells were stained to visualize the nuclei
(red) and deposited hydroxyapatite (green) (scale bar = 50 µm in upper panel and 25 µm in
lower panel). (b) The fluorescent intensity of stained hydroxyapatite on different fiber meshes,
without (left) and with (right) normalization by cell number. The cell number was determined
by counting the cell nuclei in the images. The number of images used for analysis was: n PEEU40
= 7; n PEEU50 = 8; n PEEU60 = 11; n PEEU70 = 10. (*p < 0.05)

4. Conclusion
In this study, the mechanical properties of PEEU fiber meshes prepared via electrospinning
could be tailored by varying the PPDO:PCL weight ratio. The increase of PPDO ratio in the
multiblock copolymer resulted in an increase of the E-modulus of the fiber mesh. Compared to
hADSCs cultured on softer fiber meshes (e.g. PEEU40), the hADSCs cultured on the stiffer
fiber meshes (e.g. PEEU70) exhibited elongated cell shape as well as the higher nuclear aspect
ratio. The increase of the E-modulus of the fiber mesh significantly enhanced the osteogenic
differentiation of hADSCs, providing insight in the fabrication of function-oriented biomimetic
fibrous scaffolds to improve bone regeneration.
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