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Abstract Substrate elasticity has emerged as important bio-
material design parameter. In particular, it has been reported
that on soft substrates (~4 kPa) freshly isolated porcine
chondrocytes better maintain their phenotype than on stiffer
ones (>20 kPa). Thus, we investigated whether this also
applies to re-differentiating, expanded/de-differentiated
(EDD) human articular chondrocytes (HAC). EDD HAC
were seeded onto Type I collagen functionalized poly acryl-
amide (PA) films with a Young’s modulus of 0.26±0.08 kPa
(soft), 21.32±0.79 kPa (intermediately stiff) and 74.88±
5.13 kPa (stiff), or type I collagen-coated plastic dishes
(TCPS w/CI). Cells were cultured for 7 to 14 days in
chondrogenic medium supplemented with transforming
growth factor beta-1 (TGF-β1) and assessed for attachment,
initial adhesion strength, proliferation, morphology as well
as for expression of type I and II collagen at mRNA and
type II collagen on protein level. Attachment and adhesion
strength was similar on the different PA substrates and

proliferation remained marginal (<1 doubling/week). On
intermediately stiff to infinitely stiff substrates EDD HAC
assumed a spindle shaped, fibroblastic morphology, whereas
on the soft substrate they remained more spherical, as
assessed by shape factor analysis, and had a reduced spread-
ing area (up to 3.2-fold). F-actin organization on the soft
substrate was restricted cortically, while on the stiffer sub-
strates F-actin assembled into stress fibers. While type II
collagen mRNA expression on the soft substrate was (sim-
ilar to that in aggregate culture and) 18-fold higher than on
TCPS w/CI, it was not detectable on protein level. On all
substrates, in the absence of TGF-β1 type II collagen
mRNA remained at levels expressed by EDD HAC. In
summary, substrate elasticity modulated the TGF-β1 stim-
ulated re-differentiation of EDD HAC. Mechanical compli-
ance is thus an important parameter to be coupled with the
delivery of appropriate morphogens in designing biomate-
rials for cartilage engineering and repair.
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Introduction

Current visions in the treatment of cartilage defects aim at
operating a shift from a fibrocartilaginous to a more hyaline
like repair tissue by combining repair supporting biomate-
rials with autologous cells as for example mesenchymal
stem cells or articular chondrocytes [1]. In this paradigm,
the role of a chondro-supportive biomaterial within a carti-
lage defect is seen to support chondrogenic differentiation
and to protect/modulate the newly formed tissue [2]. Apart
from controlling ligand identity, density, and presentation,
which determine biomaterial/cell interaction [3], substrate
elasticity has emerged as an important, instructive cue and
has been shown to influence the behavior of mesenchymal
stem cells [4] and that of more specified members of mes-
enchymal origin including fibroblasts [5, 6], myoblasts
[7–9], and osteoblasts [10]. More recently, Schuh et al. have
reported that the phenotype of porcine articular chondro-
cytes is better maintained on soft (4 kPa) as compared to on
stiff substrates (100 kPa) [11]. In that study, the reduced
maintenance of chondrogenic phenotype on the stiffer sub-
strates was accompanied by increased proliferation, which is
known to lead to rapid de-differentiation in chondrocytes
[12]. General hallmarks of chondrocyte de-differentiation,
which is generally associated with monolayer expansion, are
a reduced production of type II collagen and the large
proteoglycan aggrecan [13, 14] as well as a switch to the
synthesis of type I collagen and fibronectin [15]. The pro-
liferation observed by Schuh et al. [11] likely has been
induced by serum (10 %) in the culture medium and could
have masked the effect of substrate elasticity on chondro-
cyte phenotype. This prompts for the use of a culture medi-
um that does not stimulate cell proliferation.

Proliferation associated de-differentiation can further be
accelerated by the use of specific growth factors during
monolayer expansion of HAC and was proposed to induce
a differentiation plasticity in HAC which is similar to that of
mesenchymal progenitor stem cells [16]. Yet, culturing
aggregates (suspension or pellet culture) of expanded/de-
differentiated (EDD) HAC in a medium containing the
strong chondrogenic stimulus transforming growth factor
beta-1 (TGF-β1), allows for re-induction of chondrogenic
differentiation and manifests itself by a reversion of the
hallmarks mentioned above [17, 18].

Similar to Schuh et al. [11], we wanted to assess whether
the chondrogenic phenotype is better supported on soft as
compared to on stiffer substrates. However, instead of main-
taining the chondrogenic phenotype of freshly isolated
chondrocytes, we focused on the re-differentiation of EDD

HAC in the presence of the soluble chondrogenic differen-
tiation signal TGF-β1. Furthermore, Engler et al. have
reported that even in the absence of exogenous soluble
stimuli, matrix elasticity stimulates mesenchymal stem cells
to up-regulate genes specific for different lineages [4].
Based on this finding and on the progenitor-like differenti-
ation plasticity mentioned for EDD HAC [16], we also
wanted to investigate whether in absence of TGF-β1 a soft
substrate per se would allow to up-regulate the key chon-
drogenic gene type II collagen.

To avoid proliferation associated de-differentiation,
which could have masked the investigation of matrix elas-
ticity in the previously mentioned study [11], a defined
serum-free medium (SFM) was chosen. SFM is considered
as a standard in chondrogenic culture and does not appear to
stimulate mitotic activity EDD HAC [16, 19].

The adhesion, proliferation, morphology, gene (types I
and II collagen) and protein expression (type II collagen)
of re-differentiating EDD HAC was assessed on collagen
type I-coated polyacrylamide (PA) substrates with different
stiffness. This substrate model has been chosen since it can
easily be adjusted in its stiffness and has been widely used
in the field of mechanobiology [6, 7, 11, 20–22]. Although
PA itself does not promote cell adhesion, it can be func-
tionalized by covalently grafting proteins to its surface
[23]. This offers the advantage to restrict cell/substrate
interaction to a selected type of ligand. For the present
study, type I collagen (CI) was chosen as it contains the
cell adhesion peptide sequence Arg-Gly-Asp (RGD) [24],
has been used previously to study the influence of matrix
elasticity on the lineage specification of mesenchymal stem
cells [4] as well as on the phenotype of articular chondro-
cytes [11] and plays an important role during limb bud
chondrogenesis [25].

Methods

Substrate preparation

PA gels of three different, contrasting compositions, were cast
onto 3-(trimethoxysilyl)-propyl methacrylate (Sigma-Aldrich,
Buchs, CH) activated glass slides, and functionalized with
type I collagen following a protocol adapted from Beningo
et al. 2002 [22, 26]. The polymerization was allowed to
complete for >4 h and the gel thickness set to a thickness
ranging from 100 to 170 μm using coverglass spacers (No. 1,
Medite, CH). Subsequently, the glass immobilized PA gels
were washed with autoclaved MilliQ water followed by
50 mM HEPES pH 8.5 (Sigma-Aldrich, Buchs, CH). The
PA gels were covered with 1 mM sulfo-SANPAH (heterobi-
functional protein crosslinker, ProteoChem, USA) in 50 mM
HEPES pH 8.5 and UV activated (350 nm; 8 min; distance,
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6 cm). This step was repeated once before thoroughly washing
the substrates with PBS (Gibco, UK). Immediately after, the
activated PA gels were exposed to 0.2 mg/ml type I collagen
(CI, rat tail, BD, UK) at 4 °C overnight. Collagen I-coated
tissue culture-treated plastic (TCPS w/CI) was prepared as
described for activated PA gels. All substrates were UV-
light-sterilized for 30 min in a sterile work bench, washed
with PBS and stored at 4 °C until further use.

Substrate characterization by rotational rheometry

The polymerization time course (20 min, see Fig. 1) of three
different mixtures consisting of acrylamide (AA, monomer)
and N,N′-methylenbisacrylamide (BIS, crosslinker) was fol-
lowed in situ in a rotational rheometer (Physica MCR 501,
Anton Paar, Graz, Austria), fitted with a 50-mm diameter
parallel plate (PP50). Shear storage modulus (G′) measure-
ments were conducted at room temperature (25 °C), an oscil-
lation frequency of 1 Hz and an amplitude of 1 %. The volume
for polymerization was 2 ml and initiated with 30 μl of 10 %
ammonium persulfate and 30 μl of 10 % tetramethylethyle-
nediamine. The concentrations (% w/v) for AA_BIS were:
5%_0.003 %, 10%_0.2 %, 20%_0.3 % as described above
and the duplicates prepared independently. To prevent drying,
polymerization was performed in a humidified atmosphere.

PA slabs of 4 mm thickness were polymerized for >4 h
and placed in PBS at room temperature >24 h. The elasticity
of swollen (equilibrium) PA gels was determined with rota-
tional rheometry by measuring the dynamic shear modulus
(G), which is the sum of the two components, G′ and the
shear loss modulus (G″, see Table 2). Using the equation:

E ¼ 2G0ð1þ nÞ ð1Þ
the dynamic shear modulus was converted into the more
commonly used Young’s modulus (see Table 2). For the

Poisson ratio (ν) a value of 0.464 was assumed as it has
been reported for PA by others [27].

Cell culture

Full thickness human articular cartilage samples were collect-
ed within 24 h post mortem from the femoral lateral condyle
of four donors (mean age, 60 years; age range, 43–77 years),
with no history of joint disease, after obtained informed con-
sent, following protocol approval by the local ethical commit-
tee (No. 78/07). HAC were isolated upon 22-hour incubation
at 37 °C in 0.15 % type II collagenase and re-suspended with
Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 mg/ml D-glucose, 0.1 mM non-essential amino acids,
1 mM sodium pyruvate, 10 mM HEPES buffer, 100 U/ml
penicillin, 100 μg/ml streptomycin, and 0.29 mg/mlL-gluta-
mine, supplemented with 10 % FBS (all from Gibco, UK)
(complete medium, CM). HAC were expanded in CM sup-
plemented with 1 ng/ml TGF-β1, 5 ng/ml FGF-2, 10 ng/ml
PDGF-BB (expansion medium, all from R&D, UK) in a
humified 37 °C/5 % CO2 incubator. These specific growth
factors have previously been shown to enhance HAC prolif-
eration and post-expansion re-differentiation capacity [18].
HAC were detached at confluency (passage 1) by a treatment
with 0.3 % type II collagenase, followed by 0.05 % trypsin/
0.52 mM EDTA (Gibco, UK) and re-plated at a density of 5×
103 cells/cm2 for the second expansion step. After passage 3 to
4, expanded, de-differentiated (EDD) HAC were taken into
chondrogenic re-differentiation culture.

The chondrogenic re-differentiation of EDD HAC was
stimulated using a chemically defined, serum-free medium
(SFM), which consists of DMEM containing 4.5 mg/ml D-
glucose, 0.1 mM non-essential amino acids, 1 mM sodium
pyruvate, 10 mM HEPES buffer, 100 U/ml penicillin,
100 μg/ml streptomycin, and 0.29 mg/mlL-glutamine (all
Gibco, UK) supplemented with ITS+1 (10 μg/ml insulin,
5.5 mg/ml transferrin, 5 ng/ml selenium, 0.5 mg/ml bovine
serum albumin, 4.7 mg/ml linoleic acid), 1.25 mg/ml human
serum albumin, 0.1 mM ascorbic acid 2-phosphate and
10−7 M dexamethasone (all Sigma Chemical, USA) and
10 ng/ml TGF-β1 (R&D, UK; chondrogenic medium) [16,
19]. To investigate the influence of substrate stiffness on
EDD HAC re-differentiation, EDD HAC were cultured for
7 days on type I collagen-coated PA gels of different stiff-
ness at density of 2×104 cells/cm2. Aggregate cultures were
prepared by culturing EDD HAC at the same density on
TCPS without collagen I coating (TCPS w/o CI). Due to the
absence of serum proteins in SFM, HAC display low adhe-
sion to TCPS w/o CI and preferentially stick to each other
rather than to the substrate. After 1 day of re-differentiation
culture on TCPS w/o CI, nearly all HAC have detached
from the substrates and float in suspension as cellular aggre-
gates similarly as described previously [17].

Fig. 1 Time course of shear storage modulus (G′, Pa) in polymerizing
acrylamide (PA) mixtures. The polymerization time course (20 min) of
three different mixtures consisting of acrylamide (AA, monomer) and
N,N′-methylenbisacrylamide (BIS, crosslinker) was followed in situ in
a rotational rheometer. The concentrations (w/v) for AA_BIS were:
5 %_0.003 % (open circles), 10 %_0.2 % (gray triangles), 20 %_0.3 %
(black diamonds). Duplicates were prepared independently
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Cell attachment and proliferation

The number of adherent HAC (N0) was determined
from phase contrast light microscopy images and
expressed as percentage of the number of theoretically
seeded cells. After 7 days of re-differentiation culture,
the number of adherent HAC (N1) was counted again
(as described above) to assess proliferation as expressed
by the total number of doublings: log2 (N1/N0). The
number of cells was counted in two representative
images (×20 objective; 150 μm2/field) of each substrate
for three different donors.

Initial adhesion strength

For each stiffness, four substrates were prepared. HAC were
seeded onto the four substrates with a density of 2×104

cells/cm2. At seven different time points (5–300 min) two
of the substrates were fixed with 4 % (w/w) formaldehyde in
phosphate buffer (pH 7.4) on ice (static controls). The other
two were placed upside down on TeflonR rings in six well
plates containing PBS, centrifuged at 3,044 rpm (Heraeus
Multifuge 3SR+, Thermo Science, Waltham USA) and also
fixed as described for the static controls.

According to Channavajjala et al. [28] and Maheshwari
et al. [29], the pulling force F (Eq. 2) acting on the cell is:

F ¼ Vc � ρc � ρmð Þ � r � w2

¼ Vc � ρc � ρmð Þ � RCF ð2Þ
where Vc is the volume of the cell, ρc is the mean density of
the intracellular space, ρm the density of the medium, RCF is
the relative centrifugation force, ω the angular speed, and r
the rotor radius. We assumed, that the volume of the cell Vc

corresponds to a sphere with a diameter of 13 μm (accord-
ing to the cell counter and microscopy), the density of the
cell ρc was 1.075 g/ml [30] and that of the medium ρm was
1.00 g/ml. An angular speed of 3,044 rpm was applied
resulting in an RCF of 1,627 g. Under these assumptions
the force F acting on a cell was 1.38 nN.

The number of adherent HAC was determined semi
automatically by counting DAPI-stained nuclei. Fluores-
cence images were taken on each slide at four random
positions. ImageJ [31] was used to count the nuclei. The
adherent cell fraction was determined by normalizing the
cell number on the centrifuged substrates to the static con-
trols and plotted over time. In general, these plots showed a
monotone increasing function with a plateau at later time
points. Reyes et al. [30] showed that the adherent cell
fraction over surface ligand density showed a sigmoidal
characteristic. We have adapted this formula to calculate
the adherent cell fraction (acf, Eq. 3) as function of adhesion
time.

acf ðtÞ ¼ acfmax � 1þ exp � t � t50ð Þ=bð Þð Þ�1 ð3Þ
Where acf (t) is the adherent cell fraction at time point

t, acfmax is the adherent cell fraction at an infinite time
point, b is the maximal slope of the curve and t50 is the
time point, at which 50 % of the cells were adherent
after centrifugation. This t50 served as quantitative value
for adhesion and was lower; the faster cells were able to
adhere.

Cell morphology

HAC morphology and the degree of spreading were deter-
mined after 24 h of re-differentiation culture. The cell shape
factor ϕ (Eq. 4) [32] was calculated according to:

f ¼ 4 pA
p2

ð4Þ

Rounded cells with high area-to perimeter ratio assume
shape factor ϕ values close to 1, whereas starfish-shaped
cells have a shape factor ϕ near 0. The area A and the
perimeter p to calculate the shape factor ϕ were derived
from phase contrast images using Image J version 1.37
[31]. All cells in two representative images (×20 objective;
150 μm2/field) of each substrate type were analyzed for
three different donors.

Fluorescence labeling, acquisition and analysis

After fixation in 4 % (w/w) formaldehyde in phosphate
buffer pH 7.4 (University Hospital Pharmacy Basel, Swit-
zerland) at 4 °C overnight, specimens were rinsed with PBS
three times prior to a 10-min permeabilization on ice with a
solution containing 0.02 % (w/w) Triton X100 (Sigma-
Aldrich, Switzerland). Immediately after aspiration of the
permeabilization solution, the specimens were blocked for
1 h at room temperature in PBS containing 30 mg/ml BSA
(Sigma-Aldrich, Switzerland). Then, the specimens were
rinsed with labeling buffer (LB) containing 15 mg/ml BSA
in PBS and incubated with the primary antibody for 1 h at
room temperature. Subsequently, the specimens were rinsed
with LB four times for 5 min each and incubated with the
secondary antibody for 1 h at room temperature. Finally, the
specimens were washed again with LB four times for 5 min
each, rinsed with autoclaved milliQ water, mounted with
aqueous mounting media (AbD SeroTec, Oxford, UK) and
sealed with Klarlack (Lady Manhattan Cosmetics, Ger-
many). All antibodies/labeling agents were diluted in LB.
Vinculin was labeled with a primary monoclonal mouse
antibody (Sigma-Aldrich, Switzerland; clone: hVIN-1; dilu-
tion: 1:400) followed by a Cy3 conjugated IgG goat anti-
mouse secondary antibody (Acris Antibodies, Herford Ger-
many; dilution, 1:800). F-actin was detected with Alexa488
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conjugated phalloidin (Invitrogen, Oregon USA; dilution,
1:400) and nuclei stained with DAPI (Invitrogen, Oregon
USA; 4′,6-diamidino-2-phenylindole; dilution, 1:48,000).
Type II collagen was labeled with a primary monoclonal
mouse antibody (MP Biomedicals, Germany, clone II-4C11;
dilution, 1:1000) followed by Cy3 conjugated anti-mouse
antibody as described for vinculin.

Fluorescence images were acquired on a Zeiss LSM 710
TYPE (Zeiss, Wetzlar, Germany) confocal laser-scanning
microscope under constant conditions using either a ×40
or a ×63 immersion objective. Eight bit z-stack images were
recorded in three different, regions of each substrate.

Gene expression analysis

After 7 days of re-differentiation culture, cells were har-
vested (as described above; using collagenase and trypsin)
and the RNA extracted from the obtained cell pellets with
250 μl Trizol (Life Technologies, Basel, CH) according to
the manufacturer’s instructions. Extracted RNA was treated
with DNAse following the instructions of the RNeasy Kit
(Ambion, Austin TX). cDNAwas generated from total RNA
using reverse-transcriptase Stratascript (Stratagene) in the
presence of dNTP and DTT. Real-time PCR reactions were
performed and monitored using the ABI prism 7700 Se-
quence Detection System and the Sequence Detector V
program (Perkin-Elmer Applied Biosystems). cDNA sam-
ples were analyzed for type I and II collagen and for the
housekeeping gene (18S ribosomal RNA), using previously
described sequences of primers and probes (see Table 1)
[16]. Each cDNA sample was assessed in duplicate and the
collagen mRNA expression levels were normalized to the
corresponding 18S rRNA levels.

Collagen western blot

HAC were cultured on the corresponding substrates at a
density of 3×104 cells/cm2 in chondrogenic medium for
14 days, harvested using collagenase/trypsin (as described
above) and lysed with Laemmli buffer. The native cartilage
(positive control) and HAC cultured in aggregates were

heated in Laemmli buffer to complete lysis. The protein
content of the samples was determined with a BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, United
States). Equal amounts of protein were separated on 10 %
SDS gels. After the electrophoresis the gels were blotted on
PVDF membranes for 3 h at 4 °C and 0.33 A. Membranes
were stained with Ponceau S Red to check the transfer of the
proteins and destained thereafter. The membranes were
blocked for 1 h with 0.2 % Blocking Reagenz CA (Appli-
Chem, Darmstadt, Germany) in PBS with 0.1 % Tween 20
(blocking solution). Subsequently, the membranes were in-
cubated with a monoclonal mouse antibody against human
type II collagen (MP Biomedicals, Germany, Clone: II-
4 C11) 1:2,000 diluted in blocking solution. The membranes
were washed three times for 10 min with PBS 0.1 % Tween
(PBST) and incubated for 1 h with the secondary antibody
(goat anti-mouse IgG HRP conjugated, Thermo Fisher sci-
entific, Rockford, United States) diluted 1:5,000 in PBST.
Again the membranes were washed three times for 10 min in
PBST. The blots were developed using a bioluminescence
system (SuperSignal West Pico, Thermo Fisher Scientific,
Rockford, United States) according to manufacturer’s
instructions. Bands were detected with the Fusion Fx7 im-
ager (Peqlab, Erlangen, Germany).

Statistical analysis

Statistical evaluation was performed using the free online
statistics program BrightStat [33]. All values are presented
as mean±standard error (SE). Differences were analyzed
using complying statistical tests as indicated at each result.
In general, n was low and prompted for distribution free
analysis. Mann–Whitney (comparison between two groups;
effect +/− TGF-β1) and Kruskal–Wallis (comparison be-
tween more than two groups; effects on different substrates)
were the non-parametric tests of choice. For cell morpholo-
gy however, n was large enough and the data followed a
normal distribution, which allowed for parametrical analysis
by one-way ANOVA. For all tests, the level of significance
was set to p<0.05.

Table 1 Description of the designed primers and probes for real-time RT-PCR

Gene Forward and reverse primes (5′→3′) Primer concentration (nM) Probe (5′→3′) Probe concentration (nM)

18S rRNA CGGCTACCACATCCAAGGAA 26 TGCTGGCACCA
GACTTGCCCTC

50
GCTGGAATTACCGCGGCT

Type I collagen TTTTGTATTCAATCACTGTCTTGCC 300 CCGGTGTGACT
CGTGCAGCCATC

100
CAGCCGCTTCACCTACAGC

Type II collagen GGCAATAGCAGGTTCACGTACA 900 CCGGTATGTTTC
GTGCAGCCATCCT

200

CGATAACAGTCTTGCCCCACTT
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Results

Substrate characterization

In preliminary polymerization experiments, three different
AA/BIS compositions have been selected to span the entire
range of stiffness (~1 to 100 kPa) obtainable with PA (data
not shown). Time course measurements (in situ polymeriza-
tion, Fig. 1) of the selected compositions showed that
20 min after initiation, the shear storage modulus G′ leveled
off into a plateau, thereby indicating the completion of the
polymerization. Degassing the AA/BIS solution prior to
polymerization neither changed the polymerization pattern
nor the final plateau levels (data not shown). Based on this
finding, >4 h of polymerization were considered sufficient for
substrate preparation. To bemore representative of in vitro cell
culture conditions, PAwas swollen (equilibrium) in PBS. This
caused a reduction in stiffness by 33 to 85 % as compared to
the corresponding in situ polymerized PA (Table 2).

Based on the values obtained for the three distinct com-
positions of swollen PA (Table 2), the substrates employed
in this work are referred to as 0.3 kPa (soft), 21 kPa (inter-
mediately stiff), and 75 kPa (stiff). TCPS coated with type I
collagen (TCPS w/CI) was considered to be sensed by cells
as infinitely stiff substrates.

HAC attachment, initial adhesion strength, and proliferation

EDD HAC were seeded in chondrogenic medium on
substrates of different stiffness and their initial response
characterized in terms of attachment and initial adhesion
strength. EDD HAC attachment was comparable on the
three different PA substrates, but 17 to 28 % lower
(Fig. 2A, Kruskal–Wallis, Conover, p≤0.05) than on TCPS
w/CI. Counterintuitively, the time course centrifugation
assay (Fig. 2B) showed that the initial cell adhesion strength
on TCPS w/CI was lower than on the PA substrates as it
took two to three times longer (21.4±5.8 min, Kruskal–
Wallis, paired, Conover, p<0.01) to reach t50 (time point

at which 50 % of the cells remained adherent) on TCPS
w/CI. Similar as for the attachment however, the initial
adhesion strength on the PA substrates did not significantly
differ from each other (soft, 6.8±2.8 min; intermediately
stiff, 9.6±4.2 min; stiff, 9.6±4.9 min).

On the stiff and intermediately stiff PA, the adherently
cultured EDD HAC accomplished three to four times more
doublings than on soft substrates and TCPS w/CI (Fig. 3;
Kruskal–Wallis paired (Conover); *p<0.05). Still, after
1 week of chondrogenic culture, the proliferation did not
exceed 1 total doubling on any of the different substrates.

HAC morphology

EDD HAC which have been stimulated to re-differentiate in
chondrogenic medium for 7 days were found to be evenly
distributed on all substrate surfaces at a cell density that
limited the extent of cell–cell contacts. This cell density was
chosen on purpose to favor the observation of cell–substrate
effects. On soft PA displayed a distinct rounded morphology
with limited spreading (Fig. 4C). In contrast, on intermedi-
ately to infinitely stiff substrates, HAC were fully spread and
assumed an average spreading area, which was more than
3.2-fold higher than on the soft substrate (Fig. 4A, one-way
ANOVA, Tukey HSD; p<0.001). That on the soft substrates,
HAC tended to assume a roundmorphologywas also reflected
by the shape factor ΦA, which was 40 to 50 % higher than on
intermediately to infinitely stiff substrates (Fig. 4B, one-way
ANOVA, Tukey HSD; p<0.001). On intermediately stiff to
infinitely stiff substrates, the average spreading area and shape
factor of HAC was found to be similar.

HAC actin cytoskeleton organization

EDD HAC which have been stimulated to re-differentiate
were fluorescently labeled for F-actin and vinculin to reveal
parts of the cytoskeleton (Fig. 5), which are known to
greatly determine cell morphology. On the soft substrate
where the cells remained spherical, F-actin mainly localized

Table 2 Rheology of polyacrylamide (PA) gels

Composition In situ polymerized Swelling equilibrated

AA/BIS (%) E (kPa) G′ (kPa) G″ (Pa) E (kPa) G′ (kPa) G″ (Pa)

5/0.003 1.52±0.24 0.15±0.06 11.77±0.33 0.26±0.08 0.08±0.02 11.5±2.7

10/0.2 36.14±2.28 12.34±0.45 378.66±436.64 21.32±0.79 7.28±0.27 45.1±8.1

20/0.3 110.99±2.66 37.91±0.45 423.04±692.99 74.88±5.13 25.57±1.75 347.8±395.7

The shear storage modulus (G′) and the shear loss modulus (G″) of PA gels with three different acrylamide (AA, monomer)/N,N′-methylenbisa-
crylamide (BIS, crosslinker) concentrations (% w/v) was measured by rotational rheometry. The PA gels were measured either 20 min after initiation
of polymerization directly in the rheometer (n02) or after swelling equilibration (in PBS at room temperature overnight, n04). The Young’s
modulus (E), which is more commonly used to describe substrate elasticity, was computed from the dynamic modulus (G). The values are reported
as mean±standard error
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cortically (Fig. 5A and B). On intermediately stiff to stiff
substrates however, HAC were spread, flattened and dis-
played a fibrillar F-actin organization into stress fibers
(Fig. 5C, D, E, F). On all substrates, vinculin was dispersed
throughout the entire cytoplasm but appeared most intense
in the perinuclear region. Aggregation of vinculin into small
clusters was only detected in lamellipodial regions cultured
on intermediately stiff to stiff substrates (Fig. 5D and F). On
TCPS w/CI, F-actin assembly and vinculin clustering was
identical to that on intermediately stiff to stiff substrates
(data not shown).

Gene expression

After 7 days of chondrogenic culture, the initially seed-
ed EDD HAC (Fig. 6A, dashed line) TCPS showed a

strong general up-regulation of type II collagen mRNA
(Fig. 6A), which was inversely correlated with substrate
stiffness. On the soft and the intermediately stiff sub-
strates, type II collagen mRNA expression was 18.1-
and 6.2-fold higher than on infinitely stiff substrates
(Kruskal–Wallis paired (Conover); p<0.05). Strikingly, on
the soft substrates similar expression levels were reached as
in aggregate culture, which were found to be highest. To
investigate whether the soft substrate per se would be
sufficient to up-regulate type II collagen mRNA, the soluble
differentiation stimulus TGF-β1 was omitted from the
chondrogenic medium. In the absence of TGF-β1 however,
type II collagen mRNA expression remained on levels
comparable to that of initially seeded EDD HAC (Fig. 6).

Although far less dramatic than for type II collagen, the
initially seeded EDD HAC (Fig. 6B, dashed line) showed an
increase in type I mRNA after 7 days of chondrogenic
culture on soft (12.2-fold) and intermediately stiff substrates
(6.2-fold; Kruskal–Wallis paired (Conover); p<0.05). TGF-
β1 induced type I collagen mRNA expression did not
appear to be modulated by matrix elasticity and remained
at levels comparable to those of initially seeded EDD HAC.
In absence of TGF-β1 type I collagen mRNA on TCPS
w/CI remained on initial levels and but tended to be lower
on the PA substrates and in aggregates (3.9 to 9.6-fold).

Type II collagen protein expression

In a last step we assessed, whether the re-differention of
EDD HAC observed by type II collagen also translates into
the corresponding protein expression. To increase the
chance of matrix accumulation, chondrogenic culture was
prolonged to 14 days, as it is standard for EDD HAC re-
differentiation culture in pellets. Moreover, the initial cell

Fig. 2 A Attachment of EDD HAC on the corresponding substrate:
0.3 (soft), 21 (intermediately stiff), and 75 kPa (stiff) indicate the
substrate elasticity (Young’s modulus) of the three contrasting, type I
collagen functionalized polyacrylamide substrates. Tissue culture-
treated plastic coated with type I collagen (TCPS w/CI) served as an
infinitely stiff control. The asterisks indicate significant differences
(Kruskal–Wallis paired (Conover); *p<0.05 and ***p<0.001; n06).
B The initial adhesion strength of HAC on soft (blue), intermediately

stiff (green), stiff (red) and TCPS w/CI as infinitely stiff (turquoise;
open circles) substrate was assessed using a centrifugation assay. Based
on a sigmoidal fit through the time course points of adherent cells, the
time point at which 50 % of the seeded cells remained adherent (t50)
was calculated and served as a measure to approximate the initial
adhesion strength on the corresponding substrate (n06, two different
donors. For interpretation of the references to color please see the web
version of this article)

Fig. 3 Proliferation (total doublings) of EDD HAC after 7 days of
chondrogenic culture on the corresponding substrate: 0.3 kPa (soft),
21 kPa (intermediately stiff), and 75 kPa (stiff). Tissue culture-treated
plastic coated with type I collagen (TCPS w/CI) served as an infinitely
stiff control. The asterisk indicates significant differences (Kruskal–
Wallis paired (Conover); *p<0.05; n06)
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density was increased to allow for cell–cell contact, which is
required for full chondrogenic differentiation. However,
type II collagen protein expression remained undetectable
by immunofluorescence and western blot analysis (data not
shown).

Discussion

In this work we demonstrated that by reducing the stiffness
of type I collagen-coated PA substrates it is possible to (1)
support the maintenance of a spherical morphology of EDD
HAC, in which actin stress fibers and focal adhesions are
absent and (2) to enhance HAC re-differentiation, indepen-
dently of the number of doublings. Importantly, however,
the latter effect was only observed in the presence of the
chondrogenic stimulus TGF-β1.

The elastic modulus describes the ability of a material to
deform elastically (strain) when a force (stress) is applied to
it, is quantified as a ratio of stress to strain and expressed in
Pascals (Pa). Depending on the mode of measurement, the
elastic modulus is commonly reported either as Young’s
modulus (E, uniaxial stress over the uniaxial strain, e.g.
indentation) or shear storage modulus (G′, deformation of
shape at constant volume, e.g. shearing), given the Hooke’s
law holds for the material described. Since PA hydrogels
have a vanishingly low viscous component (shear loss mod-
ulus G″) [34] their elasticity can adequately be described by
either E or G′. As a fact, the elastic component of PA (G′)
was always higher (6.9- to 161.4-fold) compared to its
viscous component G″.

The shear storage modulus appears appropriate in the
context of this work, since cells like i.e. fibroblasts are
known to probe substrate mechanoproperties by shearing

Fig. 4 Average area A and
shape factor ΦA B of EDD
HAC cultured in chondrogenic
medium on the corresponding
substrate: 0.3 kPa (soft), 21 kPa
(intermediately stiff) and 75 kPa
(stiff). Tissue culture-treated
plastic coated with type I colla-
gen (TCPS w/CI) served as an
infinitely stiff control. The
shape factor was computed
from the cell area and perimeter
and can range from zero for
starfish-shaped cells to 1 for
perfectly round-shaped cells.
The asterisks indicate signifi-
cant differences (one-way
ANOVA, Tukey HSD; ***p<
0.001; n from left to right055,
67, 61, 79). C Representative
phase contrast images of EDD
HAC on corresponding sub-
strates as described above.
Scale bar 200 μm
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[35]. However, the Youngs’ modulus was preferred based
on its wide spread use in the field of mechanobiology.

The density of surface-bound collagen has previously
been shown to be independent of PA gel stiffness [36] and
to have no influence on the elastic modulus of the substrate
[7].

Type I collagen-coated tissue culture-treated plastic
(TCPS w/CI) and glass served as substrates which are sev-
eral orders of magnitudes stiffer (approximately 3 MPa)
than the stiffest polyacrylamide substrate [9, 21, 37].

HAC attachment on the different PA substrates was similar
and is consistent with values previously found under expan-
sion conditions [38]. The finding that HAC attachment on
TCPSw/CI was higher than in all other PA substrates could be

attributed to the different modalities of protein immobiliza-
tion. In fact, while PA was functionalized with CI by chemi-
sorption (sulfo-SANPAH crosslinker), TCPS was coated with
CI by physisorption. Both approaches are known to influence
native biological protein activity, and are likely do so in a
distinct but unpredictable manner [39], which prompts for
carefully comparing TCPS and PA in this regard. Indeed, we
found that shortly after seeding, the adhesion strength of HAC
on soft to stiff PA substrates was the similar; while on TCPSw/
CI it was significantly lower. This slightly faster adherence on
the PA substrates could be due to a more flexible collagen
presentation on the PA substrates, which could have allowed
for a more immediate interaction with HAC integrins. How-
ever, since ultimately the attachment of HAC was in a com-
parable range on all substrates, we accepted TCPS w/CI for a
direct comparison with PA.

HAC proliferation in defined, serum-free chondrogenic
culture medium was very low on both soft and infinitely stiff
substrates and allowed us to avoid proliferation, which was
observed in a similar study hat was done in a basal medium
containing 10 % serum [11]. This enables us to exclude
proliferation associated de-differentiation [12] which may
have masked the analysis of matrix elasticity as a direct
differentiation cue in the aforementioned study.

A significant effect of the soft substrates is, that they
promoted a round cell morphology as it can be achieved
by cytoskeleton disruption or cell embedding in a gel
[40–43]. In fact, HAC cultured on soft PA substrates in
chondrogenic medium displayed characteristic features of
chondrocytes in situ [40–43], including a round/spherical
morphology, cortical actin filament organization and the
lack of focal adhesions. Moreover, the morphological obser-
vations in the present work were in good agreement with a
complementary study, which assessed the maintenance of
porcine and bovine chondrocytes in response to matrix
elasticity [11, 20]. Intermediately stiff to infinitely stiff
substrates allowed for cell spreading, actin stress fiber for-
mation, and focal adhesion assembly, which is accompanied
by a reduced type II collagen mRNA expression. This
suggests for the activation of Rho GTPases, which are well
characterized upstream regulators of the actin cytoskeleton
[44, 45] and have been found to influence chondrocyte
differentiation and function. More specifically, RhoA and
its effector ROCK suppress cortical actin organization, lead
to stress fiber formation, the maturation of focal adhesions
and inhibit chondrogenesis through the suppression of the
expression of the main cartilage specific transcription factor
Sox9 [46–48].

Matrix elasticity per se has been demonstrated to be
sufficient for directing lineage specification of MSC [4],
but it could not induce re-differentiation of HAC. This
suggests that although HAC expanded in the presence of
specific growth factors, assuming progenitor-like traits [4],

Fig. 5 Actin cytoskeleton organization of EDD HAC after 7 days of
culture in chondrogenic medium on the corresponding substrate:
0.3 kPa (A, B: soft), 21 kPa (C, D: intermediately stiff) and 75 kPa
(E, F: stiff). Representative confocal laser-scanning microscopy images
show false colors for F-actin (green), vinculin (red) and nuclei (blue).
Images in the right hand column show details (indicated by the white
arrow) of the corresponding image to their left. B Shows a merge and
the separate channels of a mid section through a single HAC with
spherical morphology (as indicated by the arrow in image A). Scale
bars are 50 μm for the left column and 10 μm for the right column
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they might not fully acquire the degree of plasticity of MSC.
Although not additional, substrate elasticity was able to
modulate the soluble chondrogenic stimulus provided by
TGF-β1. This suggests for a cross-talk between soluble
and mechanical signals and implies that depending on the
mechanical compliance of their environment, cells might
respond differently to the same soluble signal. This has first
been demonstrated for contractile fibroblasts, which only
were able to maintain/generate TGF-β1-induced α smooth
muscle actin (αSMA), when cultured on stiff (20 kPa) but
not on soft (8 kPa) collagen gels [5].

The strong up-regulation of type II collagen mRNA in
HAC on soft substrates is in agreement with findings of a
previous study using porcine chondrocytes [10]. However,
the differences in type II collagen mRNA expression be-
tween the softest and the stiffest substrate were found to be
more pronounced as compared to those reported by Schuh et
al. [10]. This could be due to the fact that the softest
substrate (4 kPa) used by Schuh et al. [11] was more than
tenfold stiffer than the soft substrates (0.3 kPa) employed in
the present study. Alternative possible explanations are the
difference in cell type (human vs. porcine) and/or to the
aforementioned proliferation associated de-differentiation.

That we were not able to detect extracellular type II
collagen by fluorescence microscopy in HAC cultured on
PA substrates (data not shown) could be due to 2D culture
format, which likely does not support the retention of ex-
creted matrix proteins. Additionally, intracellular type II
collagen (lysates of harvested cells) also remained undetect-
able. Likely, its intracellular concentrations were too low for
detection by western blot analysis. Thus, culture models in
which excreted extracellular matrix proteins can be accumu-
lated should be employed in future (see below).

Strikingly, the stiffness of soft substrates matches very
well with the E modulus (~0.9 kPa) measured in single
mesenchymal stem cells [49]. At the onset of chondrogen-
esis in the developing limb bud, mesenchymal stem cells
aggregate into structures known as mesenchymal condensa-
tions [50]. Consequently, MSC can be expected to greatly
determine the mechanical compliance of this developmental
microenvironment. Thus, the soft substrates may have mim-
icked the mechanical aspect of this developmental microen-
vironment and could explain why the re-differentiation of
EDD HAC was supported thereon.

In chondrogenic medium, type I collagen mRNA expres-
sion by HAC was rather high in both aggregates and on soft
substrates. In the developing limb, collagen I plays an impor-
tant role during mesenchymal condensation and is down-
regulated as chondrogenesis progresses [25]. This finding
could reflect that 7 days of re-differentiation is still quite short
and thus mirrors aspects of an early developmental stage.

The precise mechanisms by which substrate elasticity
influences cell behavior were not subject of this study and
in general are still elusive [51]. Still, the number of studies
providing mechanistic insight into mechanotransduction is
growing and has led to the proposal of different models.

An extracellular model describes that if cell generated
tension meets resistance from the ECM, it allows to free/
activate latency-associated protein (LAP) bound growth
factors (i.e., TGF-β1) which are sequestered in their inactive
form throughout the ECM [52]. However, it seems unlikely,
that matrix elasticity modulated the effect of TGF-β1 by this
mechanism, since (1) the chondrogenic medium was sup-
plemented with free/active TGF-β1 and (2) type I collagen
(immobilized on the PA substrates) is not known to possess
a TGF-β1 or a LAP interaction site.

Fig. 6 Type II (A) and I (B) collagen mRNA expression levels of EDD
HAC after 7 days of culture in chondrogenic medium without (white
bars) or with (black bars) TGF-β1 on the corresponding substrate:
0.3 kPa (soft), 21 kPa (intermediately stiff), and 75 kPa (stiff). Tissue
culture-treated plastic coated with type I collagen (TCPS w/CI) served
as infinitely stiff control; and HAC aggregate cultures (Aggr.) as pos-
itive controls. All values are normalized vs. the housekeeping gene

18 S and the dashed line represents the mRNA expression level in
EDD HAC prior to chondrogenic culture. Asterisks above the brackets
indicate a significant difference between two corresponding bars
(Kruskal–Wallis paired (Conover); *p<0.05 and **p<0.01; n015;
four donors). Open circles above the white bars indicate a significant
difference vs. (+) TGF-β1 on the same substrate (Mann–Whitney, U
test, two-tailed; n04, p<0.05)

360 Drug Deliv. and Transl. Res. (2012) 2:351–362



Other models focus on intracellular effects of matrix
elasticity. The strain within a cell is manifested as protein
extension, domain unfolding, and or protein-dissociation
that relieves stress and/or creates sites for new binding
partners, which elicits a chemical diffusion based signaling
[51]. In more visionary models, external forces are thought
to propagate into the cell nucleus through cell surface trans-
membrane receptors that couple the ECM to cytoskeletal
networks, which in turn link to nuclear scaffolds, nucleoli,
chromatin, and DNA. This channeling of forces across
discrete load-bearing cytoskeletal filaments might promote
changes in the shape, folding or kinetics of specific, load-
bearing molecules or might modify higher-order chromatin
organization and thereby alter nuclear protein-self-assembly,
gene transcription, DNA replication or RNA processing
[53]. This latter model would suggest that tissue elasticity
as a mechanical cue influences genome organization and
nuclear matrix composition, which in turn might prime cells
to react differently to the same soluble signal.

Although the two dimensional (2D) PA gels employed
in the present work offered a proof-of-principle of the
regulatory role of substrate elasticity on chondrogenesis,
future experiments should be performed in a three di-
mensional environment (3D). 3D culture systems possess
fundamental advantages over 2D models as they allow
cells to adopt their native morphology, increase cell–cell
interactions and facilitate physiological contacts with the
ECM [54, 55]. A possible 3D model could be related to
the one introduced by Schuh et al. using RGD-peptide
modified agarose of different stiffness [56], whereby
lower stiffness and the presence of TGF-β1 should be
introduced.

In this work, the adhesion of HAC was restricted to
type I collagen, which could be substituted by other
ECM proteins as, i.e. type II collagen, which has been
shown to support the native morphology of chicken
epiphyseal chondrocyte [57]. This suggestion also finds
support by the fact that myogenic and osteogenic differ-
entiation of human MSC can be directed by the interplay
of substrate stiffness and type of adhesve ligand pre-
sented [58].

Alternatively to native proteins like type I collagen,
engineered molecules (i.e., modified FN-fragments) or,
as mentioned above, truncated proteins (i.e., RGD-
containing peptides) could also be used as cell-ligands
and have previously been demonstrated to modulate the
behavior of human fibroblasts and HAC, respectively
[38, 59].

In conclusion, substrate elasticity modulated the TGF-β1
stimulated re-differentiation of EDD HAC. Mechanical
compliance is thus an important parameter to be coupled
with the delivery of appropriate morphogens in designing
biomaterials for cartilage engineering and repair.
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