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Abstract
Hydrogels have been described as ideal scaffolds for cells of 3D
tissue constructs and hold strong promises with respect to in vitro
3D-cell-culture, where cells are isolated from native extracellular
matrix (ECM). Synthesized polyethyleneglycol (PEG) hydrogels are
appealing with regard to potential for cell therapy or as vehicles for
drug delivery or even to regenerate tissue with similar hydrogel-like
properties such as the nucleus pulposus of the intervertebral disc
(IVD). Here, we tested whether incorporation of RGD motive would
hinder discogenic differentiation of primary bone marrow-derived
human mesenchymal stem cells (hMSCs) but favor proliferation
of undifferentiated hMSCs. HMSCs were embedded in +RGD
containing or without RGD PEG hydrogel and pre-conditioned with
or without growth and differentiation factor-5 (rhGDF-5) for 13 days.
Afterwards, all hMSCs-PEG gels were subsequently cyclically
loaded (15% strain, 1Hz) for 5 consecutive days in a bioreactor
to generate an IVD-like phenotype. Higher metabolic activity
(resazurin assay) was found in groups with rhGDF5 in both gel types
with and without RGD. Cell viability and morphology measured by
confocal laser microscopy and DNA content showed decreased
values (~60%) after 18 days of culture. Real-time RT-PCR of an
array of 15 key genes suspected to be distinctive for IVD cells
revealed moderate response to rhGDF5 and mechanical loading as
also shown by histology staining. Preconditioning and mechanical
loading showed relatively moderate responses revealed from both
RT-PCR and histology although hMSCs were demonstrated to be
potent to differentiate into chondrocyte-progenitor cells in micromass and 3D alginate bead culture.
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Introduction
It seems evident that 3-dimensional (3D) cell culture is providing
a much more authentic environment for primary cells, which are
usually isolated from their native 3D tissue complex for cell culture
[1]. Thus, two-dimensional cell culture is very limited especially
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for applications in tissue engineering where cells are often isolated
from their native matrix and then re-imbedded into a different type
of a 3D matrix. These matrices are most often in literature derived
from plant or animals. It is a sort of “gold standard” in cartilage
or intervertebral disc (IVD) engineering to use either micromass
culture or embedding in alginate or collagen-derived hydrogels also
for mechanobiological studies [2]. Hydrogels have been pushed back
into focus lately in biomaterial sciences due to the advantage of drug
delivery and possibility to use these carriers as a scaffold for tissue
regeneration [3,4]. There is a clinical demand to use a more defined
extracellular environment than plant or animal derived hydrogel
[1,5,6]. Although, to our knowledge there is scientific evidence
lacking that artificial scaffolds would be superior to natural polymers.
In cartilage and intervertebral disc research the gold standard for
culturing cells in 3D is 1.2% alginate [7]. However, the usage of serum
in culture media has been applied extensively and seems to be a prerequisite for expanding primary cells such as human mesenchymal
stem cells (hMSCs). However, culturing hMSCs under serum free
defined conditions has been noticed to be very difficult in alginate
bead, fibrin gel and 1-2% agarose conditions [8]. It is very likely that
the lack of migration availability in alginate and fibrin carriers is
causing increased cell death in combination to serum starvation. It
also seems that reduced pH as it is the case in the IVD environment is
a detrimental factor for the survival of hMSCs and matrix production
[9]. Furthermore, it has been investigated how the adhesion of cells
in 3D hydrogels could be improved by the incorporation of the
amino acid sequence arginine-glycine-aspartic acid (RGD) motive
via α5β1 integrin signaling [10-12]. It has been speculated that hMSC
can thrive especially well in the undifferentiated state in presence
of RGD [10]. Recently, it has been investigated whether hMSCs
can be pushed towards the discogenic pathway by the addition
of RGD motive [13,14]. The recent study found a weaker effect of
transforming and growth factor β3 (TGFβ3) [10] if RGD motive was
added to an alginate culture system. However, Villanueva et al. (2009)
[11] report opposite results on chondrocytes using a PEG-hydrogel
system and RGD motive. Thus, there is a general confusion whether
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Figure 1: Experimental design and outcome parameters of pre-conditioning of human mesenchymal stem cells (hMSCs) in PEG hydrogels in presence or absence
of RGD and culturing in serum free control media or media contain GDF5 and dexamethasone.

RGD motive is a requirement to improve discogenic differentiation
or not. On the other hand, the presence of human recombinant
growth and differentiation factor 5 (rhGDF5=CDMP1=BMP14)
[15-17] and dynamic loading [18,19] have been described as one
of the potent factors that could direct discogenic differentiation of
hMSCs. Recently, a consortium was formed to define the discogenic
phenotype [20] more closely. There were a number of markers
pointed out that could possibly define the nucleus pulposus cell (NPC)
phenotype, such as expression of glypican 3 (GPC3), cytokeratins
(KRT8,19), junctophilin (JPH3), SOX-2, carboanhydrase 12, paxillin
(PAX1) based on transcriptome studies [20-22]. Therefore, we aim to
investigate the combined influence of RGD, rhGDF5 and mechanical
loading on the fate of hMSCs.
We hypothesized that primary hMSCs cultured in artificial PEG
hydrogels can be driven towards the intervertebral-disc like, more
precisely to the nucleus pulposus cell (NPC)-like cell phenotype by
pre-conditioning with rhGDF5 [15,16] and dynamic compression.
Furthermore, we hypothesized that 3D cell culture in a PEG
environment along with mechanical loading and stimulation with
external application of rhGDF5 would push the hMSCs towards
incorporation of RGD causes spreading of cell phenotype, which
could enhance mechano-transduction and thus mechano-sensitivity
of undifferentiated hMSCs. However, discogenic differentiation
into NPC-like cells (here called “discogenesis”) might be blocked or
hindered in presence of RGD.

Materials and Methods
Experimental design
This experiment aims to analyze the discogenic differentiation of
hMSCs in hydrogel with the RGD motive, rhGDF5 and dynamic axial
compression. Human bone marrow derived hMSCs were embedded
in commercially available PEG hydrogel with +RGD or without -RGD
motive (Q-Gel®, QGelbioinc., Lausanne, Switzerland). Lausanne,
Switzerland) and molded in silicon rings forming silicon-PEG 2-part
Guggisberg et al. Int J Stem Cell Res Ther 2015, 2:006

Table 1: List of human donor material involved in this study
Donor number

Sex

Age

35

male

67

37

male

56

38

female

71

39

female

40

21

male

76

40

male

41

constructs to facilitate dynamic loading. The concentration of the
RGD was 50 µM as described in [23,24]. The two types of silicon-PEG
constructs were cultured in 2 different culture media; one control
media without -GDF5 and one contain +GDF5 and dexamethasone
(dex) (Biovision, San Francisco, CA). The use of two types of PEG
gels (-RGD, + RGD) and two culture mediums (-GDF5, +GDF5+dex)
resulting in 4 experimental groups: 1) +RGD+GDF5, 2) +RGDGDF5, 3)-RGD+GDF5, 4)-RGD-GDF5 (Figure 1). The concentration
of dexamethasone (Sigma, Buchs, Switzerland) was 10-7 M. After 13
days of culture, all silicon-PEG constructs were mechanically loaded
for 5 days. Data were collected at day 0 (after 2D expansion and right
after seeded into the PEG gel), day 13 (after cultured with or without
rhGDF5 and before loading is applied) and day 18 (after 5 days of
loading) for subsequent analysis (Figure 1).

Cell source and expansion
Human bone marrow was obtained from patients undergoing
spine surgery with written consent. The procedure was ethically
approved by the committee of the Canton of Bern, Switzerland
(KEK # 187/10). Bone marrow aspirations were collected from 6
patients (aged 41-79 yrs, mean age was 58.5 ± 15.42 yrs) (Table 1)
from the lumbar or thoracic vertebrae. Human mesenchymal stem
cells (hMSCs) were amplified from the mononuclear cell fraction
after density gradient centrifugation (Histopaque-1077, SigmaAldrich, Buchs, Switzerland) by selection for plastic adherence for 2-3
passages. Additionally, two representative donors were characterized
• Page 2 of 8 •
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Figure 2: A. Experimental set-up of custom-made bioreactor for strain-controlled cyclic axial compression. B. PEEK loading chambers without cover showing
6 silicon-PEG constructs. C. loading chamber with 6 samples and serum free media covered by a transparent lid. D. Cell activity (resazurin assay) of hMSCs
corrected per DNA content. Metabolism of hMSCs was significantly increased by addition of GDF5 and dexamethasone (10-7M) and was not dependent on RGD
incorporation. * P<0.05, ** P<0.01. E. Cell viability as measured from LIVE/DEAD stain and confocal laser scanning microscopy according to the method of [27].
Bar plots represent means ± SEM (N=6 donor repeats).

by staining for specific markers, i.e. CD34, CD90, CD105, by FACS
and differentiated for adipo- and osteogenesis for as previously
described [17] (data not shown). The hMSCs were expanded and kept
mitotic using α-Minimal Essential Medium (α-MEM) with 10% fetal
calf serum (FCS), 100μg/ml penicillin, 100UI/ml streptomycin, and
5ng/ml bFGF-2.

Carriers / Gel casting
PEG hydrogel containing MMP-degradable site with or without
RGD was used to embed the hMSCs. Four million cells/mL hMSCs
were seeded into PEG hydrogel discs according the manufacturers
protocol. Lyophilised Qgel MT 3D matrix either including (50µM
final concentration) or lacking covalently linked RGD (Arg-GlyAsp) was resuspended with 400µl of Qgel buffer before 100µl of cell
suspension (i.e. 2x106 cells) was added (Q-Gelbioinc., ref# 1001 and
1004, Lausanne, Switzerland). The cells mixed with Q-Gel hydrogel
were distributed and molded into a 4 mm diameter and 3 mm height
cylindrical shape inside a 8 mm diameter and 3mm height silicon ring
forming a disc-like two-part construct, which resulted in ~1.2x105
cells per disc (30µl per disc from a cell density of 4x106 cells/mL PEG
carrier) (Figure 2). The carriers were then incubated for 30-45 min
in 37°C until the gel was completely jellified. Cells were maintained
in serum-free high glucose (4.5g/L) Dulbecco’s Modified Eagle
Medium (HG-DMEM) containing 1% non-essential amino acids
(Gibco), 50µg/mL ascorbic acid, ITS+, 100U/mL penicillin, 100mg/
mL streptomycin, 2.5mg/mL amphotericin B, 100mg/mL sodium
pyruvate (all from Sigma-Aldrich, Buchs, Switzerland), with or
without 100ng/mL rhGDF5 (Biovision, San Franscisco, CA) and 10-7
M dexamethasone (Sigma-Aldrich, Buchs, Switzerland). To monitor
the multipotency of the expanded hMSCs and to compare the 3D
culture with previously described and established culture systems,
hMSCs were additionally seeded in 1.2% alginate (Fluka, SigmaAldrich, Buchs, Switzerland) and micromass culture as a positive
control. To encapsulate cells in alginate beads, cells were seeded in
Guggisberg et al. Int J Stem Cell Res Ther 2015, 2:006

1.2% alginate and dropped through a syringe with needle 22G in a
102mM CaCl2 solution [16]. Cells-seeded alginate beads were washed
with 0.9% NaCl within 5 min of gelation to prevent Ca-shock.
Additionally, cells were cultured in “micromass” culture which were
formed by spinning 250,000 cells at 500G for 5 min. Cells in either
alginate beads and or micromass were cultured directly in control
medium versus chondrogenic medium (i.e. +10-7 M dexamethasone +
10 ng/ml TGFβ1, Peprotechinc., London, UK) for 18 days.

Mechanical loading
After 13 days of culture in serum free medium or in medium with
GDF5 and 10-7M dexamethasone, dynamic axial compression loading
of 15% strain at a frequency of 1Hz was applied to all silicon-PEG
constructs. The loading was performed for 1 hour per day for 5 days
using a custom-made loading bioreactor and chamber (Figure 2).
Samples were collected for subsequent analysis after the final day of
loading (day 18).

Quantification of total DNA content in specimens
Bisbenzimide, commonly known as Hoechst 33258 dye exhibits
changes in fluorescence characteristics in the presence of DNA that
allows accurate DNA quantification. DNA content was measured by
fluorospectrometry (excitation at 350nm, emission at 450nm) using
Hoechst 33258 dye (Sigma-Aldrich, Buchs, Switzerland) and purified
calf thymus DNA as a standard. Three beads or two PEG carriers were
digested in papain sodium acetate buffer pH 6.8 overnight at 60°C
[16]. Fluorescence was measured with a Spectramax M5 microplate
reader (Molecular Devices, Sunnyvale, California, United States).

Matrix content (dimethylmethylene blue dye assay)
For biochemical analysis of PEG gel carriers and alginate beads,
1 PEG carrier or 3 alginate beads were digested with papain digestion
buffer and analyzed for sulphatedglycosaminoglycans (GAG). GAG
• Page 3 of 8 •
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Table 2: List of primers used for screen discogenic markers. Annealing temperature was 61°C and two-step protocol with 40s, 10s at 95°C and 30s expansion per
cycle, 45 cycles in total
1

Gene Abbreviation

Full name

Forward

Reverse

18S

18S ribosomal RNA gene (reference gene)

CGATGCGGCGGCGTTATTC

TCTGTCAATCCTGTCCGTGTCC

2

ACAN

AGGRECAN core protein

CATCACTGCAGCTGTCAC

AGCAGCACTACCTCCTTC

3

col1A2

collagen 1 A2

GTGGCAGTGATGGAAGTG

CACCAGTAAGGCCGTTTG

4

col2A1

collagen 2 A1

AGCAAGAGCAAGGAGAAG

GGGAGCCAGATTGTCATC

5

Hs Col 10a1

Collagen X A1

GAATGCCTGTGTCTGCTT

TCATAATGCTGTTGCCTGTTA

6

CLIC3

Chloride intracellular channel 3

CTGCCCATCCTGCTCTAT

CAGCGTCTCCTCCAGAAA

7

CA12

carbonic anhydrase XII (CA12), transcript
variant 1

TGGAATCAGAATTGGAATCAC

GACACAGCAACAACACAT

8

FOXF1

FOXF1 forkhead box F1

ATGTTCCTCCTCTTCCTT

GACCAGAAAGTTTACAGTAGA

9

GPC3

Glypican 3 (cell surface heparan sulfate
proteoglycan

GAGACTGCGGTGATGATGAAG

TCGGAGTTGCCTGCTGAC

10

Hs GDF5

Growth and Differntiation Factor 5

ATCAGCATCCTCTTCATTGACTCT

ACACGACTCCACGACCAT

12

JPH3

Junctophilin 3

GAGGAGAATGGGGATGAG

TCCGATGTTGAGCAAGAT

13

KRT19

Keratin 19

TGTGTCCTCGTCCTCCTC

GCGGATCTTCACCTCTAGC

14

NCAM1

neural cell adhesion molecule 1

CTCACCATCTATAACGCCAACATC

GCCTCTGACTCACTGCCATC

15

PAX1

Homo sapiens paired box 1

TAGTCCTCTATATGCTATCAG

CTTGACAGTAGAACCAGA

16

SOX9

transcription factor SOX9

GAGACTTCTGAACGAGAG

GGCTGGTACTTGTAATCC

17

Versican

Versican, Variant 4

GTCTCCTCCTCGGCTCTG

ACCTAATGTTCTCGGCTGTTG

content was determined by the dimethylmethylene blue (DMMB)
dye method, using bovine chondroitin sulfate as standard [16].
Absorbance was read at 600 nm with a Spectramax M5 microplate
reader (Molecular Devices).

prior cutting. 12µm cryosections were made with a cryostat (Microm
HM 560, Walldorf, Germany). Sections were stained with safranin-o
& fast green and hematoxylin & eosin (H&E). High resolutionpictures
were taken with a digital camera (Nikon 70D, Tokyo, Japan).

Resazurin cell activity assay

Statistics

Two alginate beads or 1 PEG carrier, about 200,000 cells were
transferred to 500µl of DMEM containing 10% FCS and 50Μm
resazurin (Sigma-Aldrich, Buchs, Switzerland) and let the live cells
to metabolize glucose and nutrients at 37°C for a duration of 3h [25].
Fluorescence was measured at excitation wavelength 547nm and
emission wavelength 582nm using a microplate reader (Molecular
Devices).

The statistical analysis was performed by one-way ANOVA with
Dunn’s multiple comparison tests for all the analysis using PRISM
softwarev6.0f (GraphPad, La Jolla, CA, USA). A significance value of
p < 0.05 was specified for significance.

LIVE/DEAD stain for 3D cell carriers
The cell viability was determined using our established protocols
for the staining of 3D scaffold constructs using 2µmol/L calceinAM and 1µmol/L ethidium-homodimer-1 (Sigma -Aldrich, Buchs,
Switzerland) and using a confocal laser scanning microscope
(cLSM510, Carl Zeiss, Jena, Germany). The stacks were analyzed
using imageJ and our previous automated cell counting macro
“cellcounter” available from imageJ (http://imagej.nih.gov/ij/macros/
Cellcounter3D.txt) using the nucleus counter plug-in from the
McMaster Biophotonics Facility [26,27].

Relative gene expression
For gene expression analysis, 3 alginate beads or 1 PEG carrier
were flash-frozen in liquid N2 and pulverized. Total RNA was extracted
from the constructs with TRI Reagent (Molecular Research Center,
Cincinnati, USA) using a modified TRIspin method [28]. RNA was
purified using GenElute™ Mammalian Total RNA Purification Kit
with DNA digestion (Sigma-Aldrich, Buchs, Switzerland). RNA
(100-200 ng) was used for reverse-transcription (RT) and subsequent
PCR (RT-PCR) using gene-specific primers and probes [16].
Reverse transcription was performed using the iScript Kit and a mycycler© Thermal Cycler (Bio-Rad, Basel, Switzerland). The resulting
complementary DNA was prepared for RT-PCR using humanspecific primers (Table 2) and Taq polymerase along with SYBR®
Green I dye PCR was run on an IQ-5 RT-PCR system (all Bio-Rad,
Reinach, Switzerland). The housekeeping gene 18S RNA was used as
endogenous control. The relative gene expressions of day 13 and 18
samples relative to day 0 were calculated using the 2-∆∆Ct method [29].

Histology
PEG carriers were embedded in OCT-compound (Tissue
Tek, Alphen aan den Rijn, The Netherlands) for 20 min at room
temperature and then snap-frozen in liquid N2 and stored at -80°C
Guggisberg et al. Int J Stem Cell Res Ther 2015, 2:006

Results
Cell metabolism
Cell activity as measured with resazurin redox reaction was found
significantly increased in both groups containing the growth factor
GDF5 (79.3 ± 0.48 % P<0.05 for -RGD and 155.5 ± 1.83 % for +RGD,
P<0.01) in the conditioning medium than without GDF5 (19.57 ±
11.26 % for -RGD and 36.54 ± 17.43 % for + RGD) after the 18 days of
loading relative to the state of day 0 (=100%) (Figure 2).

Cell viability and morphology
Confocal laser scanning microscopy revealed that there was a
trend for more dead cells in gels cultured in the absence of GDF5
(-RGD 47.20 ± 25.09 % and +RGD 39.48 ± 16.17 %, respectively)
compared to in the presence of GDF5 and dexamethasone (-RGD
67.12 ± 21.55 % and +RGD 55.53 ± 11.88 %, respectively). Under the
confocal images, hMSCs appeared as wide-spread phenotype in the
PEG gel with RGD and maintained as a round phenotype in the PEG
gel without RGD (left column) (Figure 3). The presence of +GDF5
increased the spreading of hMSC in +RGD PEG gel (Figure 3, lower
right) than –GDF5 (Figure 3,4).

Glycosaminoglycan / DNA content and histology
The cells did not produce significantly more proteoglycans but
the DNA level showed a decrease in DNA content overall. Relative
DNA content decreased by ~30% in groups without the growth
factor but was kept more stable with decreases of 17.3% for the -RGD
+ GDF-5 group (Figure 3). Due to the decrease in DNA level, the
GAG/DNA ratio showed values slightly higher than that of day 0
(Figure 3). Histology for safranin-O & fast green did not show strong
production of glycosaminoglycans (data not shown). Figure 4 shows
the hematoxylin & eosin staining of the PEG gel structure after 18
days of culture. More void spaces were present in the + GDF5 group
than - GDF5 group indicating a higher rate of the PEG degradation
in the presence of GDF5. Most significant loss of PEG matrix was the
group with RGD and GDF5 (Figure 4, fourth column).
• Page 4 of 8 •
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Figure 3: A. Representative confocal laser scanning microscope images of primary human mesenchymal stem cells cultured in MMP-degradable PEG hydrogel
with or without RGD; and with or without GDF5 for 18 days. Most hMSC were spread out in the presence of +RGD + GDF5. Green: live cells stained by calcain
AM, red: dead cell nucleus stained by ethidium homodimer-1. B. DNA content of the samples relative to day 0. There was a general decrease in DNA content
in all groups, independent of the presence of RGD or GDF5. C. Glycosaminoglycan (GAG) / DNA relative to day 0 control. GAG production per DNA was
maintained over the culture period in all groups. Barplots represent means ± SEM (N=6 donor repeats).

Figure 4: Hematoxylin & eosin stain of PEG hydrogels on cryosections after 18 days of preconditioning and mechanical loading. More void spaces were present in
the + GDF5 groups (column 2,4) compared to - GDF5 groups (column 1,3), indicating cells remodeling the surrounding matrix. Top row: low magnification, bottom
row: high magnification. Scale bar=100µm.

Gene expression
We found trends towards an increase of discogenic markers
(i.e. aggrecan core protein (ACAN) and collagen type II (COL2A1))
(Figure 5). However, the expression of SRY-box containing gene 9
(SOX9) was found to be down-regulated for cells pre-conditioned in
PEG hydrogel with GDF5 (day 13) and maintained at the same level
after mechanical loading (day 18). Application of mechanical loading
did not seem to alter gene expression of all the genes that were tested
in this study, as seen from the static gene expression level between day
13 and day 18. We found a relatively moderate response of hMSCs
with respect to discogenic induction by GDF5 (Figure 5) as compared
to the same donors under standard discogenic conditions using TGFβ
(Figure 6). The expected up-regulation of discogenic markers was not
Guggisberg et al. Int J Stem Cell Res Ther 2015, 2:006

observed although the donors possessed the discogenic potential as
cultured in micromass culture or alginate bead culture (Figure 6).

Discussion
Cell viability of primary hMSCs in PEG hydrogels
Confocal laser scanning microscopy, DNA content and cellular
activity demonstrated that under serum free conditions total living
cell number decreased compared to the seeding day (day 0). However,
a similar decreased cell viability was found for 1.2% alginate for MSCs
[8,16] a material, which is used as a “gold standard” for chondrocytes
and intervertebral disc cells and which seems to be ideal carrier for
these cell types [30]. To our surprise, although the MMP-degradable
modified PEG-hydrogel with RGD has been reported to be suitable
• Page 5 of 8 •
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Figure 5: Relative gene expression of a screen of 15 genes of hMSCs seeded in PEG hydrogels after pre-conditioning with 100ng/mL rhGDF5 (day 13) and after
mechanical loading at 1Hz (15% strain, 1h daily) (day 18). The genes have been described to be specific for intervertebral disc-like phenotype [20-22]. Box and
whiskers represent medians and min. to max. (N=6 donor repeats).

for cell types such as endothelial cells [24] and mesenchymal stem
cells [31], primary hMSCs seem to thrive with difficulties at cell
densities and serum-free defined culture conditions, which have
been used previously. The modification of the MMP-degradable PEG
gel with RGD peptide did help the hMSC to attach and spread-out
Guggisberg et al. Int J Stem Cell Res Ther 2015, 2:006

and to stay in an elongated cell shape. However, we were not able
to demonstrate an improvement for chondrogenesis in the PEG
environment lacking the RGD motive. Serum-free control condition
seemed the most delicate condition for the hMSC to thrive for the 18
days culture period as has been demonstrated previously and GDF5
• Page 6 of 8 •
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Figure 6: Relative gene expression for discogenic markers for analyzed
donors (N=4 out of 6) in standard 1.2% alginate beads and micromass
culture (cell pellet) after 18 days of culture with TGFβ1. Major discogenic
markers were all significantly increased after18 days culture with TGFβ1 and
dexamethasone confirming the discogenic potential of the cells used in this
study.** P<0.05; *** P=<0.01.

seemed more important than the RGD linker motif [8,16] (Figure 4).

RGD ligand for discogenic differentiation
The artificial MMP-degradable PEG hydrogels used in this study
seem to improve cell-cell contacts and cell migration (time-lapse
microscope movies, not shown) and that these primary cells seem
to perform well in the cell carriers. HMSCs in PEG-hydrogels with
covalently linked RGD motive showed a wide-spread cell phenotype
from day 1 on and maintained until the end of the culture on day
18 (Figure 3). However, hMSC DNA content decreased over time
and cells were difficult to differentiate. Our data showed a very weak
effect of the growth factor GDF5 in contrast to previous studies that
monitored gene expression at ACAN and COL2A1 [15,16], although
our study clearly confirmed discogenic potential of hMSCs in 3D
culture in alginate beads and in micromass culture. In our pilot
experiment, the influence of the silicon on the hMSC tested to be
non-toxic to cells, where hMSC embedded in PEG hydrogel with or
without the silicon ring were cultured separately and result showed
no difference in cell viability between the two treatments (data not
shown).The silicon construct can be excluded to be a relevant factor to
explain the non-responsiveness of the hMSCs. Connelly et al. (2007)
[32] found that incorporation of RGD embedded into alginate has
a blocking effect to differentiate. Salinas et al. (2009) [33] tested the
RGD and KLER motives (a recognition site for decorin) in a PEGpeptide copolymer, it was found that cells produced 27-fold higher
hydroxyl-proline in KLER-gels whereas the increase was only 2-fold
in RGD-gels. Salinas et al.(2008) [34] found that hMSCs encapsulated
in RGD-cleavable gels by day 21 of culture produce ten times as much
glycosaminoglycan as cells with non-cleavable RGD functionalities,.
They also found that 75% of the cells stain positive for collagen
type II deposition when RGD is cleavable, as compared to 19% for
cultures where RGD persists. In our case where RGD was persistently
incorporated at a concentration of 50 µM and no increase of GAG/
DNA production was noticed. It is not clear whether this is due to the
non-degradable character RGD of the Qgel® PEG-hydrogel.

GDF5 and mechanical loading stimulations
Previous studies suggested that GDF5 is a more potent growth
Guggisberg et al. Int J Stem Cell Res Ther 2015, 2:006

factor to direct discogenesis than TGFβ [15,16]. Gantenbein et al.
(2010) [16] demonstrated a higher ratio of aggrecan/ col2a1 gene
expression by MSC when stimulated by GDF5 than TGFβ1. Stoyanov
et al. [15] compared the influence of TGFβ1 and GDF5 on the
discogenic differentiation of hMSC in alginate beads under hypoxic
and normoxic conditions. The results indicated that even under
normoxic condition, the presence of GDF5 and dexamethasone
increased the gene expression of aggrecan, Col2A1 and KRT-19 after
28 days of culture as comparable to TGFβ1. In our experiment, the
preconditioning with GDF5 had a relatively neutral or even negative
effect on the cells since RT-PCR revealed down-regulation of ACAN,
COL2A1 and of SOX9. The presence of GDF-5 seems to increase
cell activity (Figure 2) and the rate of PEG hydrogel degradation as
shown by reduced amount of PEG hydrogel in histological evaluation
(Figure 4). In recent findings by our group we could demonstrate that
the IVD environment along with mechanical loading represents a
major “discogenic” differentiation stimulus for hMSC; this stimulus
being much stronger than the pre-conditioning in presence of 100ng/
Ml GDF5 added to the media [35]. Several studies have shown that
mechanical loading applied on stem cells might improve the outcome
of chondrogenesis of stem cells [18,19,36]. Especially effective was the
pre-conditioning of hMSCs embedded in PEG hydrogel the microenvironment of the IVD but also be non-viral transfection using
GDF5 overexpression vector [17]. Previous studies demonstrated that
loading parameters of 10 - 15% strain at frequency between 0.5- 1Hz
should be favorable to hMSC differentiation under the stimulation
of TGFβ in other cell carriers, e.g., fibrin [37,38], agarose [39] and
polyurethane [19]. However, in contrast to these studies we applied
cyclic strain at a magnitude of 15% strain at 1Hz for 5 consecutive
days. The five consecutive days of loading had some minor recovery
effect in the genes JPH3, NCAM1 and FOXF1 (Figure 5). However,
most gene expression levels were found to be relatively even among
groups (Figure 5) relative to day 0 controls. Some studies also showed
that, even without the stimulation of TGFβ, mechanical loading alone
could trigger discogenic differentiation of stem cells [40], possibly due
to the fact that cyclic compression induces the production of TGFβ
by stem cells [41]. Future work should also focus on a closely related
cytokine, BMP13 = GDF6. It could recently been demonstrated
that GDF6 may be even more effective to produce a NPC-like
phenotype than GDF5 but for sure both perform better than TGFβ1,
which induces the osteogenic pathway [42]. We did not check for
brachyury (T) and also not for CD24 or HIF-1α in our study, as these
markers were recently proposed as stable expressed for the healthy
NPC phenotype [20,43]. However, cyclic compression did not seem
to enhance discogenic differentiation of hMSC in our model. It is
likely that the silicon ring has a much higher compressive stiffness
than the PEG hydrogel therefore the silicon ring carried most of the
compressive force and hence forces applied on the cell-seeded PEG
hydrogel became non-significant.

Conclusions
3D culturing of human mesenchymal stem cells in MMPdegradable PEG hydrogel incorporated with or without RGD and
cyclic mechanical stimulation was tested using a daily 1h cyclic
compression protocol. HMSC showed moderate response towards
discogenic differentiation under these synthetic PEG 3D culture
conditions, although the same hMSCs under “standard” chondrogenic
micromass culture or alginate culture with TGFβ was successful to
induce chondrogenesisas positive control.
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