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Abstract

Hydrogels pose interesting features for cartilage 
regeneration strategies, such as the option for injectability 
and in situ gelation resulting in optimal filling of defects. 
We aimed to study different hydrogels for their capability 
to support chondrogenesis of human bone marrow-derived 
mesenchymal stem cells (hBMSCs). hBMSCs were 
encapsulated in alginate, alginate with hyaluronic acid 
(alginate/HA), fibrin or thermoresponsive HA grafted with 
poly(N-isopropyl acrylamide) side-chains (HA-pNIPAM). 
Glycosaminoglycan production and cartilage-related 
gene expression were significantly higher in hBMSC-
alginate and hBMSC-fibrin constructs than in the other 
constructs. Supplementation of alginate with HA was not 
beneficial. hBMSC-alginate, hBMSC-fibrin and hBMSC-
HA-pNIPAM constructs were placed in simulated defects 
in osteochondral biopsies and cultured in vitro for 28 d. 
Biopsies containing hBMSC-alginate and hBMSC-fibrin 
were implanted subcutaneously in nude mice for 12 
weeks. hBMSC-alginate constructs had significantly higher 
cartilage-related gene expression after 28 d of culture as well 
as significantly more safranin-O positive repair tissue after 
12 weeks in vivo than hBMSC-fibrin constructs. Although 
initial experiments with hBMSC-hydrogel constructs 
suggested comparable results of hBMSC-alginate, hBMSC-
fibrin and hBMSC-HA-pNIPAM constructs, culture in 
the osteochondral biopsy model in vitro as well as in vivo 
revealed differences, suggests that chondrogenesis of 
hBMSCs in an osteochondral environment is hydrogel-
dependent.
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Introduction

The complexity of articular cartilage and its lack of self-
repair capacity are widely recognised and these features 
have resulted in an on-going quest to identify the optimal 
cell sources and biomaterials that can be used for cartilage 
regeneration purposes. Human bone marrow-derived 
mesenchymal stem cells (hBMSCs) are one of the 
potential cell sources based on their multipotency, their 
expandability in vitro and the possibility to use autologous 
cells to treat patients (Pittenger et al., 1999).
 One of the prerequisites for hBMSCs to differentiate 
towards the chondrogenic lineage is that a 3D environment 
should be provided (Johnstone et al., 1998; Mackay et al., 
1998; Yoo et al., 1998). Pellet culture is widely used as 
an in vitro study model for chondrogenesis of hBMSCs. 
However, for translation towards treatment of patients, 
pellet cultures may not suffice to produce relevantly-sized 
repair tissue to fill cartilage defects.
 A large variety of biomaterials have been developed, 
among which are various hydrogels that function as cell 
carriers. A major advantage of hydrogels over more solid 
biomaterials is that they generally can be shaped to fit 
the defect, and in some cases even allow in situ gelation 
which can result in optimal filling of a cartilage defect 
(Hernandez et al., 2010; Johnstone et al., 2013).
 The different properties of various hydrogels 
will influence cell behaviour. In this study, we have 
compared different hydrogels as carriers for hBMSCs 
in terms of viability of the cells and their capacity to 
enable chondrogenic differentiation: alginate, fibrin and 
hyaluronan-poly(N)-isopropylacrylamide (HA-pNIPAM), 
each having their specific favourable characteristics. 
Alginate is a biological hydrogel that is widely used as a 
cell carrier in in vitro studies (Hauselmann et al., 1992; 
Loeser et al., 1995). From previous studies, it is known 
that alginate is a suitable carrier for stem cells, allowing 
chondrogenesis under appropriate culture conditions 
(Ghidoni et al., 2008). Apart from this, alginate is already 
approved for clinical use for various purposes, which 
would make development of a treatment for cartilage 
defects involving alginate as a cell carrier a realistic 
option (Thomas, 2000; Orive et al., 2002; Almqvist et 
al., 2009; Basta et al., 2011; Rokstad et al., 2011). Fibrin 
is well known for its applications for regeneration of 
various tissues, among which are repair strategies for 
cartilage and bone (Ito et al., 2006; Haleem et al., 2010; 
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Liao et al., 2011; Wu et al., 2012). As it allows vascular 
ingrowth (Ryu et al., 2005; Falanga et al., 2007), fibrin 
may represent a suitable cell carrier for the repair of 
osteochondral defects, that also require the repair of bone 
as well as cartilage. Another favourable feature of fibrin is 
that there is the possibility of autologous use with isolation 
of both fibrinogen and thrombin from blood.
 HA-pNIPAM contains hyaluronic acid (HA), which 
is the natural backbone of proteoglycans in articular 
cartilage. HA is also present in the synovial fluid, where 
it has a lubrication function. It has been shown that 
intra-articular injections of HA can provide relief of 
symptoms in patients with knee osteoarthritis (Bellamy et 
al., 2006; Divine et al., 2007). Interestingly, HA plays an 
important role during early chondrogenesis in embryonic 
development; after initial deposition HA is degraded 
before further chondrogenesis takes place (Toole, 1997). 
This makes HA-based gels interesting candidates for 
cartilage tissue engineering purposes. HA-pNIPAM is an 
engineered thermo-reversible gel that behaves in a non-
Newtonian way: at temperatures below 32 °C it is liquid 
and it gels when the temperature rises above 32 °C. For 
this specific gel, azide pNIPAM side chains were grafted 
onto a propargyl derivative HA backbone using “click” 
chemistry, causing its thermo-reversible characteristics: 
at temperatures lower than 32 °C, the pNIPAM sidechains 
are in their extended, hydrophilic state, whereas they are 
in a coiled, hydrophobic state when the temperature rises 
above 32 °C (Mortisen et al., 2010; D’Este et al., 2012). 
The association of the hydrophobic domains causes 
the actual gelation of the material. This specific gel has 
been developed for future minimally invasive treatments 
allowing injection of the material followed by in situ 
gelation. So far, the HA-pNIPAM gel has been studied 
for possible use in nucleus pulposus tissue regeneration 
(Peroglio et al., 2012; Malonzo et al., 2013).
 In the present study, hBMSC-hydrogel constructs were 
formed with alginate, fibrin and HA-pNIPAM. To study 
the possible beneficial effect of HA, hBMSC-alginate 
constructs were formed in which the alginate was enriched 
with additional high molecular weight HA. After verifying 
cell survival during culture in the four different hBMSC-
hydrogel constructs, chondrogenic differentiation of 
hBMSCs in the constructs was assessed. The addition of 
HA to alginate appeared not to have a favourable effect on 
chondrogenesis of hBMSCs. hBMSC-alginate, hBMSC-
fibrin and hBMSC-HA-pNIPAM constructs were cultured 
in an osteochondral biopsy model that can be used to mimic 
a joint-like environment in vitro. In this culture system, 
the addition of transforming growth factor β (TGFβ) to 
chondrogenic differentiation medium is not required, 
since factors released from the system itself are able to 
induce chondrogenesis of hBMSCs (de Vries-van Melle 
et al., 2013). We observed that culture of all hBMSC-
hydrogel constructs in this osteochondral environment 
resulted in chondrogenesis in terms of cartilage-related 
gene expression. Due to the experimental nature of the 
HA-pNIPAM production process, total removal of copper 
catalyst remnants cannot yet be ensured. Therefore, 
hBMSC-alginate and hBMSC-fibrin constructs were 

selected for an in vivo experiment to validate in vitro 
results. These constructs were placed in the simulated 
cartilage defects in osteochondral biopsies, which were 
then placed subcutaneously in nude mice for 12 weeks. 
It was found that hBMSC-alginate constructs resulted in 
significantly more cartilaginous repair tissue than hBMSC-
fibrin constructs.

Materials and Methods

hBMSC isolation and expansion
All procedures for the collection of bone marrow from 
three healthy male donors of 22, 20 and 22 years of age 
have been approved by the Clinical Research Ethical 
Committee at University College Hospital, Galway, Ireland 
(Ref: 2/08) and by the institutional National University of 
Ireland Galway Research Ethics Committee (reference: 
08/May/14). hBMSCs were isolated based on their plastic 
adherence. Heparinised bone marrow aspirates were seeded 
at a density of 2-5 x 105 cells/cm2 in hBMSC expansion 
medium consisting of Minimum Essential Medium-alpha 
(MEM-α, Gibco, Carlsbad, CA, USA) supplemented with 
10 % foetal bovine serum (FBS, Lonza, Verviers, Belgium), 
50 μg/mL gentamicine (Gibco) and 1.5 μg/mL fungizone 
(Gibco), 1 ng/mL fibroblast growth factor 2 (FGF2, AbD 
Serotec, Kidlington, UK) and 25 μg/mL ascorbic acid-
2-phosphate (Sigma-Aldrich, St. Louis, MO, USA). To 
remove non-adherent cells, medium was refreshed after 
3 d and cells were washed after 5 d and adherent cells 
were further cultured. At subconfluence, hBMSCs were 
trypsinised and replated at a density of 2,300 cells/cm2. 
hBMSC expansion medium was refreshed twice per week. 
Passage 3 or 4 hBMSCs were used for experiments.

hBMSC-hydrogel constructs
To create hBMSC-alginate constructs or hBMSC-alginate 
constructs enriched with HA, from now on referred 
to as hBMSC-alginate/HA constructs, hBMSCs were 
resuspended in 1.2 % low viscosity alginate (Keltone, 
San Diego, CA, USA) or in 1.2 % low viscosity alginate 
supplemented with 1 % high molecular weight HA 
(1.5 MDa, Contipro Biotech s.r.o., Doulny Dobrouc, Czech 
Republic) in physiological saline at a density of 10 x 106 
cells/mL. The alginate-cell suspension or alginate/HA 
cell suspension was pressed through a 22 gauge needle 
into 102 mM CaCl2. Constructs were washed twice in 
physiological saline and once in incomplete chondrogenic 
differentiation medium (ICM) consisting of Dulbecco’s 
Modified Eagle Medium with glutamax (DMEM, Gibco) 
supplemented with insulin, transferrin and selenium, 
serum replacement (ITS+1, B&D Bioscience, Bedford, 
MA, USA), 40 μg/mL L-proline (Sigma-Aldrich), 1 mM 
sodium pyruvate (Gibco), 1.5 μg/mL fungizone (Gibco), 
50 μg/mL gentamicin (Gibco), 25 μg/mL ascorbic acid-2-
phosphate and 10-7 M dexamethasone (Sigma-Aldrich). 
When 10 ng/mL TGFβ1 (R&D Systems, Minneapolis, MA, 
USA) was added, the medium is referred to as complete 
chondrogenic medium (CCM). 100 μL of medium was 
used per construct, 10 to 12 constructs were cultured per 
well in 24-well plates.
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 To obtain a concentration of 10 x 106 cells/mL in 
hBMSC-fibrin constructs, hBMSCs were suspended at 
a density of 20 x 106 cells/mL in 40 mg/mL fibrinogen 
from human plasma (Sigma-Aldrich) to which 60 U/mL 
aprotinin (Sigma-Aldrich) was added to prevent early 
degradation of fibrin. hBMSC-fibrin constructs were 
created by pipetting 25 μL of fibrinogen-cell suspension 
onto Teflon coated hydrophobic glass slides with wells 
7 mm in diameter (Nutacon, Leimuiden, the Netherlands). 
An equal volume of 10 U/mL thrombin from human 
plasma (Sigma-Aldrich) in 40 mM CaCl2 was added to the 
fibrinogen-cell suspension. hBMSC-fibrin constructs were 
incubated for 15 min at 37 °C and 5 % CO2 after which 
medium was added and constructs were incubated for 
30 min. Subsequently, constructs were carefully removed 
from the glass slide using a spatula and 2 constructs were 
cultured in 1.5 mL chondrogenic or culture medium in 
24-well plates.
 hBMSCs were resuspended at a density of 10 x 106 
cells/mL in cold 17 % HA-pNIPAM in phosphate-buffered 
saline (PBS) to create hBMSC-HA-pNIPAM constructs. 
HA-pNIPAM synthesis was reported elsewhere (D’Este 
et al., 2012). The HA-pNIPAM cell suspension was 
pipetted onto Teflon-coated hydrophobic glass slides that 
where heated to 42 °C and incubated at 42 °C for 5 min. 
Glass slides with hBMSC-HA-pNIPAM constructs were 
transferred to PBS that was pre-heated to 37 °C and 
incubated at 37 °C and 5 % CO2 for 10 min. Subsequently, 
hBMSC-HA-pNIPAM constructs were carefully removed 
from the glass slide using a pre-heated spatula and 2 
constructs were cultured in 1.5 mL pre-heated CCM in 24 
wells plates.
 Unless stated otherwise, hBMSC-hydrogel constructs 
were cultured for 28 d at 37 °C and 5 % CO2 in CCM. 
hBMSC-alginate constructs in ICM served as negative 
controls. Medium was refreshed three times per week. 
After 28 d, hBMSC-hydrogel constructs were harvested 
for mRNA isolation or biochemical assays.

Osteochondral culture model
Cartilage defects were simulated in bovine osteochondral 
biopsies as described previously (de Vries-van Melle 
et al., 2012). In short, osteochondral biopsies of 8 mm 
in diameter were created using a hollow drill (Synthes, 
Oberdorf, Switzerland) from the four proximal sesamoid 
bones of fresh metacarpal phalangeal joints of 3 to 8 
months old calves. After washing, the biopsies were cut 
to about 5 mm in length and sterility was verified by 
overnight incubation in DMEM supplemented with 10 % 
FBS, 50 μg/mL gentamicin and 1.5 μg/mL fungizone. 
Using a 6 mm in diameter dermal biopsy punch (Stiefel 
Laboratories, Durham, NC, USA) and scalpel, cartilage 
was removed as well as the calcified cartilage layer and 
part of the subchondral plate, resulting in simulated 
osteochondral defects. To prevent outgrowth of cells from 
the subchondral bone, biopsies were placed in 2 % low-
gelling agarose (gelling temperature 37-39 °C, Eurogentec, 
Liege, Belgium) in physiological saline in such a way that 
the subchondral bone was surrounded by agarose and the 
cartilage was above the agarose surface.

 To create hBMSCs-alginate constructs in the simulated 
osteochondral cartilage defects in the osteochondral culture 
model, hBMSCs were resuspended in 1.2 % low viscosity 
alginate or in 1.2 % low viscosity alginate supplemented 
with 1 % high molecular weight HA in physiological saline 
at a density of 10 x 106 cells/mL. Simultaneously, 50 μL 
of alginate cell suspension and 50 μL 102 mM CaCl2 were 
pipetted into the simulated cartilage defects of subchondral 
nature, allowing the alginate to solidify inside the defects. 
To create hBMSC-fibrin or hBMSC-HA-pNIPAM 
constructs in simulated osteochondral defects, constructs 
were created as described above. After removal from the 
Teflon-coated glass slides, constructs were press-fitted into 
simulated osteochondral defects. Unless stated otherwise, 
osteochondral biopsies with hBMSC-hydrogel constructs 
were cultured for 28 d at 37 °C and 5 % CO2 in 1.5 mL 
ICM per biopsy. Medium was refreshed three times per 
week. Used medium was stored once per week at -80 °C 
for later analysis. After 28 d, hydrogel constructs were 
harvested for mRNA isolation or biochemical assays.

mRNA isolation and qRT-PCR
After 28 d of culture, hBMSC-alginate and hBMSC-
alginate/HA constructs were dissolved using 150 μL/
construct 55 mM sodium citrate in 20 mM ethylene 
diaminotetraacetate (EDTA, Sigma). hBMSC-alginate 
constructs cultured in the osteochondral model were 
removed using a spatula and dissolved in 450 μL sodium 
citrate in EDTA. Samples were incubated at 4 °C while 
rotating and subsequently centrifuged for 8 min at 
1,200 rpm to remove all alginate remains. The supernatant 
was removed and the samples were resuspended in 
150 μL/construct or 500 μL/sample RNABee (TEL-TEST, 
Friendswood, TX, USA). hBMSC-fibrin constructs were 
either transferred from 24-well plates or removed from 
simulated osteochondral defects, into 500 μL RNABee 
and crushed manually. hBMSC-HA-pNIPAM constructs 
were transferred from 24-well plates using a pre-heated 
spatula and were dissolved in cold PBS, centrifuged at 
1,200 rpm for 8 min and the resulting cell pellet was 
resuspended in 500 μL RNABee. Chloroform was added 
to all samples at a quantity of 200 μL/mL RNABee. 
Further RNA isolation was performed using the RNeasy 
Microkit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions, including on-column DNAse 
treatment. RNA concentration and quality was measured 
using a NanoDrop ND1000 UV-VIS spectrophotometer 
(Isogen Life Science B.V., de Meern, the Netherlands). 
cDNA was prepared using RevertAid First Strand cDNA 
Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany) 
according to the manufacturer’s instructions. qRT-PCR was 
performed in 20 µL reactions on a ABI Prism 7000 system 
(Applied Biosystems, Foster City, CA, USA) using either 
Taqman Universal PCR mastermix (Applied Biosystems) 
or SybrGreen (Eurogentec). The expression of the 
cartilage-related genes collagen type 2 (Col2) and aggrecan 
(ACAN) and the hypertrophy-related genes collagen 
type X (ColX) and alkaline phosphatase (ALPL) was 
determined (Farrell et al., 2009; Clockaerts et al., 2011). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
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was selected as reference gene after comparison with two 
other housekeeping genes (data not shown) (Farrell et al., 
2009). Relative gene expression was calculated using the 
2-ΔCT method (Schmittgen and Livak, 2008).

Glycosaminoglycan content and DNA assays
After 28 d of culture, hBMSC-alginate, hBMSC-alginate/
HA and hBMSC-HA-pNIPAM constructs were dissolved 
in 55 mM sodium citrate in 20 mM EDTA. hBMSC-fibrin 
constructs were crushed manually in the same solution. 
Subsequently, all samples were digested overnight at 
56 °C in 200 μg/mL papain in 50 mM EDTA supplemented 
with 5 mM L-cysteine (Sigma-Aldrich). The amount of 
sulphated glycosaminoglycan (GAG) was determined 
using the dimethylmethylene blue (DMB) assay in which 
the protocol was modified for measurement in alginate: 
the pH of the DMB reagent was lowered to 1.75 using 
formic acid (Farndale et al., 1982; Enobakhare et al., 
1996). A spectrophotometer (VersaMax, Molecular 
Devices, Sunnyvale, CA, USA) was used to measure the 
metachromatic reaction of GAGs with DMB at 540 and 
595 nm. Chondroitin sulphate C (Sigma-Aldrich) was 
used as a standard. The DNA content in papain-digested 
samples was determined after RNAse (Sigma-Aldrich) 
treatment using ethidium bromide (Gibco). Using a 
spectrofluorometer (Wallac 1420 Victor 2, Perkin-Elmer, 
Wellesley, MA, USA), the extinction and emission were 
measured at 340 nm and 590 nm, respectively. Calf thymus 
DNA (Sigma-Aldrich) was used as a standard.

In vivo implantation of osteochondral biopsies
hBMSC-alginate and hBMSC-fibrin constructs were 
created in simulated osteochondral defects as described 
above using passage 3 hBMSCs from three different 
donors. The hBMSC-hydrogel constructs in the simulated 
defects were cultured overnight to allow stabilisation of the 
system and to verify sterility. Four osteochondral biopsies 
per mouse were implanted subcutaneously in female 
NMRI nu/nu mice (Charles River, Wilmington, MA, USA) 
under isoflurane anaesthesia. The simulated defects in 
the osteochondral biopsies were covered using an 8 mm 
diameter Neuro-Patch membrane (Braun, Melsungen, 
Germany) to prevent ingrowth of host tissue. Before and 
6-10 h after surgery, mice received 0.05 mg/kg bodyweight 
of Temgesic (Reckitt Bensicker, Slough, UK). During 
surgery, mice received 9 mg/kg bodyweight of Ampi-dry 
(Dopharma, Raamsdonksveer, the Netherlands). After 
12 weeks, mice were euthanised by cervical dislocation. 
Osteochondral biopsies with hBMSC-hydrogel constructs 
were carefully explanted and fixed in 4 % formalin. After 
at least 1 week of fixation, samples were decalcified 
using 10 % formic acid (Sigma-Aldrich) for three weeks. 
Subsequently, biopsies were embedded in paraffin, 
sectioned in 6 mm sections and subjected to histology. 
All animal experiments were conducted with approval of 
the local animal ethical committee (EMC2353, protocol 
number 116-11-06).

Histology and quantification
After sections were deparaffinised and rehydrated, 
safranin-O staining was performed to visualise 
glycosaminoglycans in the extracellular matrix and 
haematoxylin and eosin staining was performed to 
visualise general morphology. For safranin-O staining, 
slides were first stained with 0.1 % light green for 8 min, 
subsequently washed in 1 % acetic acid and stained with 
0.1 % safranin-O (Fluka, St. Gallen, Switzerland) for 
12 min. The cross-sectional area of the simulated cartilage 
defect was measured and the cross-sectional area of newly 
formed safranin-O positive tissue was determined using 
ImageJ software (National Institutes of Health, Bethesda, 
MA, USA). These measurements were performed on three 
sections of all osteochondral biopsies that were implanted 
subcutaneously. Newly formed tissue was discriminated 
visually from native cartilage. The presence or absence of 
bone formation in simulated defects was scored based on 
tissue morphology.

Immunohistochemistry
Immunohistochemical staining was performed for collagen 
type 2. To allow the use of mouse monoclonal antibodies, 
the primary and secondary antibodies were coupled before 
use. The primary antibody for collagen type 2 (II-II6B3, 
0.4 mg/mL, Developmental Studies Hybridoma Bank, Iowa 
City, IA, USA) was coupled overnight with a biotinylated 
goat-anti-mouse IgG antibody (Jackson Laboratories, 
Bar Harbor, ME, USA) followed by 2 h incubation 
in 0.1 % normal mouse serum (CLB, Amsterdam, the 
Netherlands). After sections were deparaffinised and 
rehydrated, antigen retrieval was performed by incubation 
for 30 min at 37 °C in 0.1 % pronase (Sigma-Aldrich) 
in PBS. Subsequently, slides were incubated for 30 min 
at 37 °C in 1 % hyaluronidase (Sigma-Aldrich) in PBS. 
Blocking for non-specific binding was performed using 
10 % goat serum (Sigma-Aldrich) in PBS. Slides were 
incubated overnight at 4 °C with the coupled primary and 
secondary antibody or the negative mouse IgG control 
antibody (Serotec Ltd, Oxford, UK) in PBS containing 1 % 
bovine serum albumin (PBS/BSA). Slides were incubated 
with enzyme-streptavidin conjugate (Label, HK-321-UK, 
Biogenex, Fremount, CA, USA) diluted 1:100 in PBS/BSA 
and subsequently incubated with Neu Fuchsin substrate 
(Chroma, Kongen, Germany).

Statistical analysis
Normality was verified using Kolmogorov-Smirnov and 
Shapiro-Wilk normality tests using SPSS 15.0. When 
necessary, logarithmic transformation was performed to 
obtain normal distribution of the data. Student’s t-test was 
used to analyse unpaired data. A generalised estimated 
equations model was used for paired data that was 
normally distributed. For paired data that was not normally 
distributed, Kruskal-Wallis test was performed, followed 
by the Mann Whitney U test. False discovery rate was used 
to correct for multiple testing. For all statistical analyses, 
differences were considered statistically significant at 
p < 0.05.
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Results

All four hydrogels support chondrogenesis of hBMSCs
hBMSC-hydrogel constructs were cultured up to 28 d in 
CCM and DNA content was determined at various time 
points as a measure of hBMSC survival. In alginate and 

alginate/HA constructs, DNA content decreased with 
time, whereas in fibrin and HA-pNIPAM this was not as 
evident (Fig. 1A). hBMSC-alginate/HA constructs cultured 
for 28 d contained significantly less DNA than hBMSC-
alginate (p = 0.006), hBMSC-fibrin (p = 0.03) or hBMSC-
HA-pNIPAM (p = 0.009) constructs. No differences were 

Fig. 1. Alginate, fibrin and HA-pNIPAM support chondrogenesis of hBMSCs. hBMSCs were cultured in complete 
chondrogenic medium up to 28 d. hBMSC-alginate constructs cultured in incomplete chondrogenic medium served 
as negative controls. A. DNA quantification of hBMSC-hydrogel constructs cultured up to 28 d. hBMSCs from 1 
donor, n = 6. B. GAG quantification per DNA of hBMSC-hydrogel constructs cultured up to 28 d. hBMSCs from 1 
donor, n = 6. C. Col2 and ACAN gene expression relative to GAPDH of hBMSC-hydrogel constructs cultured for 
28 d. hBMSCs from 3 different donors, n = 6 per donor, negative controls n = 3 per donor. Means are represented 
with standard deviations. Student’s t-test (A and B) or a generalised estimated equations model on log-transformed 
data to obtain normally distributed data (C) was used. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 2. (see next page - page 117) Alginate, and not fibrin, favours Col2 expression in vitro and chondrogenesis 
of hBMSCs in an osteochondral environment in vivo. A. Gene expression of Col2 and ACAN relative to GAPDH 
of hBMSC-hydrogel constructs cultured in incomplete chondrogenic medium in simulated cartilage defects in an 
osteochondral biopsy model for 28 d. Negative controls: hBMSC-alginate constructs in incomplete chondrogenic 
medium without osteochondral biopsy. For alginate and fibrin: hBMSCs from 3 donors, n = 3 per donor; for HA-
pNIPAM: hBMSCs from 1 donor, n = 3. B,C. Representative safranin-O stained sections of hBMSC-alginate (B), 
hBMSC-fibrin (C) constructs in simulated cartilage defects in an osteochondral biopsy model that were implanted 
subcutaneously in nude mice for 12 weeks. hBMSCs from 3 donors, n = 3 per donor. D. Control alginate construct 
without hBMSCs. Scale bars indicate 3 mm (left images) or 800 mm (insets). E. Quantification of subcutaneously 
implanted hBMSC-alginate and hBMSC-fibrin constructs in simulated cartilage defects in an osteochondral biopsy 
model. hBMSCs from 3 donors, n = 3 per donor. Generalised estimated equations model on log transformed data to 
obtain normally distributed data. *p < 0.05, **p < 0.01, ***p < 0.001. F. Representative collagen type 2 immunostained 
sections of hBMSC-alginate constructs in simulated cartilage defects in an osteochondral biopsy model that was 
implanted subcutaneously in nude mice for 12 weeks. Scale bars indicate 3 mm (left image) or 800 mm (inset). SB: 
subchondral bone, NC: native cartilage, M: Neuro-Patch membrane, NT: newly formed tissue, FT: fibrous tissue.
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Fig. 3. Bone formation in vivo appears less frequent in alginate than in fibrin. A,B. ColX and ALPL gene expression 
relative to GAPDH of hBMSC-hydrogel constructs cultured in complete chondrogenic medium (A) or in incomplete 
chondrogenic medium in simulated cartilage defects in osteochondral biopsies (B). hBMSCs from 3 different donors, 
n = 6 (A) or n = 3 (B) per donor. Negative controls: hBMSC-alginate constructs in incomplete chondrogenic medium 
without osteochondral biopsies. Generalised estimated equations model on log transformed data to obtain normally 
distributed data. *p < 0.05, **p < 0.01, ***p < 0.001. C. Representative haematoxylin and eosin stained sections of 
hBMSC-fibrin constructs in simulated cartilage defects implanted subcutaneously in nude mice for 12 weeks in which 
bone formation was observed. SB: subchondral bone, NC: native cartilage, M: Neuro-Patch membrane, NT: newly 
formed tissue, FT: fibrous tissue. Scale bars indicate 3 mm (left image) or 800 mm (inset). D. Scoring of the presence of 
bone formation by hBMSC-alginate or hBMSC-fibrin constructs in simulated cartilage defects implanted subcutaneously 
in nude mice for 12 weeks. hBMSCs from 3 donors, n = 3 per donor. m# indicate the individual mice.
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observed in terms of DNA content after 28 d of culture 
between hBMSC-alginate, hBMSC-fibrin and hBMSC-
HA-pNIPAM constructs.
 Chondrogenic differentiation of hBMSC-hydrogel 
constructs cultured for 28 d in CCM was assessed by 
means of GAG content (Fig. 1B) and cartilage related gene 
expression (Fig. 1C). GAG content normalised to DNA 
content was determined in hBMSC-hydrogel constructs 
after 28 d of culture. In hBMSC-alginate/HA constructs, 
significantly less GAG per DNA was observed than in 
hBMSC-alginate (p = 0.008), hBMSC-fibrin (p = 0.044) or 
hBMSC-HA-pNIPAM (p = 0.001) constructs (Fig. 1B). To 
verify whether deposited GAGs were potentially released 
from the hBMSC-hydrogel constructs into the medium, 
the GAG content of medium in which hBMSC-hydrogel 
constructs were cultured for 3 d was measured at various 
time points during the experiment. No GAGs were detected 
in used culture medium of all hydrogels (data not shown).
 Chondrogenic differentiation, evaluated by cartilage 
related gene expression was observed in hBMSCs from 
three different donors in constructs formed with all four 
hydrogels cultured for 28 d in CCM. Chondrogenic 
differentiation was not observed in negative controls 
consisting of hBMSC-alginate constructs cultured in ICM 
(Fig. 1C). The same was observed for the hBMSC-hydrogel 
constructs of the other hydrogels cultured in ICM (data 
not shown). No significant differences were observed 
between constructs from the different hydrogels cultured 
in CCM in terms of Col2 and ACAN gene expression. 
Since no beneficial effect of the addition of HA to 
alginate was observed on GAG production by hBMSCs, 
hBMSC-alginate/HA constructs were not used for further 
experiments.

Alginate favours hBMSC chondrogenesis in an 
osteochondral environment in vivo
hBMSC-hydrogel constructs formed with alginate, fibrin 
or HA-pNIPAM were cultured in simulated defects 
in osteochondral biopsies for 28 d in ICM (Fig. 2A). 
Significantly higher levels of Col2 gene expression 
were measured in hBMSC-alginate constructs than 
were measured in the other hBMSC-hydrogel constructs 
(p < 0.001). Due to the required temperature for creating 
and handling hBMSC-HA-pNIPAM constructs, we only 
managed to perform the experiment with hBMSC-HA-
pNIPAM constructs with hBMSCs from one donor. For this 
reason and the fact that the use of HA-pNIPAM is not yet 
clinically relevant in its current form since total removal of 
copper catalyst remnants cannot yet be ensured, hBMSC-
alginate and hBMSC-fibrin constructs were selected for 
the in vivo experiment.
 After 12 weeks of subcutaneous implantation in nude 
mice, hBMSC-alginate and hBMSC-fibrin constructs 
in simulated defects in osteochondral biopsies were 
explanted and subjected to histology. hBMSC-alginate 
constructs formed substantial amounts of tissue positive 
for safranin-O staining, indicating the presence of GAGs 
in the newly formed tissue (Fig. 2B). In hBMSC-fibrin 
constructs in simulated defects, hardly any safranin-O 
positive tissue was observed (Fig. 2C). This was reflected 
upon quantification of safranin-O positive repair tissue: 

significantly more safranin-O positive repair tissue was 
formed in hBMSC-alginate constructs in simulated defects 
(Fig. 2E). Immunostaining demonstrated corresponding 
deposition of collagen type 2 in hBMSC-alginate constructs 
in simulated defects (Fig. 2F), whereas hardly any collagen 
type 2 positive tissue was observed in hBMSC-fibrin 
constructs (data not shown). In control defects, in which 
hydrogel constructs without hBMSCs were implanted, no 
safranin-O positive tissue was observed (Fig. 2D).

Occasional bone formation in vivo was found in 
hBMSC-fibrin constructs
A known characteristic of hBMSCs is that upon in vitro 
chondrogenesis, these cells tend to become hypertrophic, 
which ultimately leads to terminal differentiation 
characterised by mineralisation in vitro and bone formation 
in vivo (Pelttari et al., 2006; Scotti et al., 2010). Gene 
expression of the hypertrophy-related genes ColX and 
ALPL were measured in hBMSC-hydrogel constructs 
cultured in CCM (Fig. 3A) or in simulated cartilage defects 
in the osteochondral biopsy model in ICM (Fig. 3B). No 
significant differences were observed in ColX or ALPL 
gene expression between groups, apart from the negative 
controls consisting of hBMSC-alginate constructs cultured 
in ICM. Despite the expression of hypertrophic genes in 
vitro, bone formation was only observed occasionally 
after 12 weeks of subcutaneous implantation of hBMSC-
hydrogel constructs in the osteochondral biopsy model 
(Fig. 3C). The presence of observed bone formation was 
scored (Fig. 3D). Bone formation was observed in one 
out of nine hBMSC-alginate constructs, whereas it was 
observed in four out of nine hBMSC-fibrin constructs. In 
all samples in which bone formation was observed, the 
newly formed bone filled the entire defect. The occasional 
bone formation was mainly observed in hBMSC-fibrin 
constructs involving hBMSCs from one specific donor. 
No bone formation was observed in control defects, i.e. 
alginate or fibrin without hBMSCs in simulated defects 
implanted subcutaneously in nude mice for 12 weeks.

Discussion

Alginate, fibrin and multiple HA-based biomaterials have 
been described for cartilage regeneration purposes in various 
settings and combinations (Itay et al., 1987; Hauselmann 
et al., 1992; Goa and Benfield, 1994; Ting et al., 1998; 
Park et al., 2011). We compared these materials directly 
for their capacity to support chondrogenesis of hBMSCs in 
an osteochondral environment for the first time. Although 
results of hBMSC-hydrogel constructs after conventional 
in vitro culture were comparable, chondrogenesis of 
hBMSCs in an osteochondral environment both in vitro 
and in vivo appeared to be hydrogel dependent.
 The viability of hBMSCs encapsulated in the different 
hydrogels was not compromised and in conventional in 
vitro experiments, chondrogenesis was supported by all 
four hydrogels. Upon culture in the osteochondral biopsy 
model, hBMSC-alginate constructs cultured in ICM in 
the osteochondral model resulted in significantly higher 
Col2 and ACAN gene expression than hBMSC-fibrin 
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constructs. These results were supported by the in vivo 
experiment: implantation of osteochondral biopsies with 
hBMSC-alginate constructs resulted in significantly more 
safranin-O positive repair tissue after 12 weeks than 
was found in biopsies with hBMSC-fibrin constructs. 
Our findings are in line with findings in the literature: 
it was reported that upon blending fibrin and alginate, a 
higher fibrin content was more favourable for hBMSC 
proliferation, whereas a higher alginate content supported 
chondrogenesis (Ma et al., 2012). However, no significant 
differences in DNA content were observed after 28 d of 
culture. These findings suggest that conventional in vitro 
culture might not be sufficiently representative to study 
the applicability of various hydrogels with hBMSC for 
cartilage repair.
 A possible explanation for the differences between 
hBMSC-alginate and hBMSC-fibrin constructs after in vivo 
implantation can be that fibrin allows binding of cells and 
growth factors to its 3D architecture, where alginate does 
not interact with cells and only encapsulates them (Weisel, 
2005). In previous research, we have found that factors 
other than TGFβ secreted by the osteochondral biopsies 
are capable of inducing chondrogenesis of hBMSCs (de 
Vries-van Melle et al., 2013). It is possible that upon culture 
in CCM, the high dosage of TGFβ circumvented this effect 
in conventional culture without the osteochondral biopsies.
 A point of concern is the integration of newly formed 
tissue onto the native cartilage and subchondral bone 
during the 12 weeks of subcutaneous implantation. It is 
possible that the relatively poor integration was an artefact 
of processing for histology; the removal of possible 
hydrogel remnants may have caused slight shrinkage of 
the newly formed tissue, thereby damaging the fragile 
attachment onto the native bovine tissue. Another option 
is that integration was not optimal. Presently there is no 
way to distinguish these possible explanations.
 Interestingly, no beneficial effects on chondrogenesis 
were observed in hBMSC-alginate/HA constructs. High 
molecular weight HA is very viscous, therefore the viscosity 
of alginate/HA was also higher than that of alginate only. 
It is possible that the higher viscosity of alginate/HA 
has compromised the diffusion of nutrients and growth 
factors into the hBMSC-alginate/HA constructs, thereby 
decreasing the effectiveness of GAG deposition. Diffusion 
of nutrients is known to affect the effectiveness of hBMSC 
chondrogenesis (Farrell et al., 2012). Also, increasing 
density of HA hydrogels has been shown to negatively 
affect matrix deposition by hBMSCs (Erickson et al., 
2009). Still chondrogenesis took place in alginate/HA, 
indicated by comparable levels of Col2 and ACAN gene 
expression after 28 d of culture in chondrogenic medium 
for all four hydrogels. Since positive findings were reported 
for the use of HA both clinically and in laboratory settings 
(Grigolo et al., 2001; Kavalkovich et al., 2002; Facchini et 
al., 2006; Liao et al., 2007; Rampichova et al., 2010; Kim 
et al., 2011; Erickson et al., 2012), we still believe that HA 
can be beneficial for cartilage tissue engineering purposes, 
albeit not in the current combination of high molecular 
weight HA with alginate. Therefore, besides alginate and 
fibrin, HA-pNIPAM was used to prepare hBMSC-hydrogel 

constructs in the osteochondral biopsy model. Due to the 
thermo-responsive nature of HA-pNIPAM, this was found 
to be very challenging. As mentioned before, HA-pNIPAM 
is a non-Newtonian liquid that gels for temperatures 
above 32 °C and is liquid for temperatures below 32 °C. 
This poses some practical requirements, such as adequate 
pre-warming of media and tools that come in contact 
with hBMSC-HA-pNIPAM constructs. For culture in the 
osteochondral biopsy system, these requirements were 
hard to meet, resulting in a successful experiment with 
hBMSCs from only one donor. Based on this experience, 
we decided not to use hBMSC-HA-pNIPAM constructs for 
the in vivo experiment. Apart from this, it is very likely that 
upon subcutaneous implantation the temperature inside the 
simulated defects would drop below the required 32 °C, 
thereby losing the gel-state of the hBMSC-HA-pNIPAM 
constructs. Given the positive effects on cell viability and 
chondrogenesis, we believe that HA-pNIPAM could be 
interesting for cartilage regeneration strategies, despite the 
technical challenges with its use in our culture systems. 
Modification of this material making its gelation non-
reversible while maintaining its in situ gelation capacity 
would make the use of this material in our culture system 
more feasible. Another option would be to study HA-
pNIPAM in orthotopic in vivo models, ensuring the 
required temperature.
 In vitro chondrogenesis of hBMSCs is known to be 
accompanied by hypertrophy (Pelttari et al., 2006; Pelttari 
et al., 2008; Hellingman et al., 2011). In strategies aiming 
for cartilage regeneration, terminal differentiation leading 
to mineralisation and ultimately to bone formation is 
undesirable (Farrell et al., 2009; Scotti et al., 2010; Farrell 
et al., 2011). Relatively high levels of ColX and ALPL gene 
expression were found in all hydrogels both in normal in 
vitro culture of hBMSC-hydrogel constructs and in the 
osteochondral biopsy model. No significant differences 
between the different hydrogels were observed. Histology 
for safranin O and immunohistochemical staining for 
collagen type 2 after in vitro experiments could provide 
more information on potential differences in terms of 
the quality of the formed cartilaginous tissue. However, 
this is unfortunately not possible since decalcification 
of osteochondral biopsies is required prior to (immuno) 
histology. For example, removal of calcium removes 
the cross-links of alginate, which causes the relatively 
small amounts of newly formed tissue after the in vitro 
experiments to fall apart. In vivo bone formation was 
associated primarily with hBMSC-fibrin constructs, 
suggesting that alginate prevented the progression of 
hypertrophy towards terminal differentiation of hBMSCs. 
Since no bone formation was observed in control defects 
containing alginate or fibrin without hBMSCs, we can 
conclude that the observed bone formation in hBMSC-
fibrin constructs in simulated defects in vivo was formed or 
induced by hBMSCs. However, it is possible that growth 
factor binding by fibrin in the osteochondral biopsies was 
responsible for slower progression of chondrogenesis 
than in hBMSC-alginate constructs, implying a delay 
in expression of hypertrophic genes rather than lower 
expression.
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Conclusion

The present study revealed important clues for the 
future development of clinical hBMSC-based cartilage 
regeneration strategies. This study demonstrates that 
conventional culture of hydrogel constructs might not 
be sufficiently representative to study chondrogenesis of 
hBMSCs in detail. Culture of hBMSC-hydrogel constructs 
in the more representative joint-like environment provided 
by the osteochondral biopsies revealed differences in 
chondrogenic potential of hBMSCs encapsulated in 
different hydrogels that were confirmed in vivo, indicating 
that chondrogenesis of hBMSCs is strongly hydrogel-
dependent. Models providing a representative joint-like 
environment such as the osteochondral model are of vital 
importance to gain insight in hBMSC chondrogenesis for 
the future development of clinical hBMSC-based cartilage 
regeneration.
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Discussion with Reviewers

Reviewer II: The histological images from this model 
make clear that there is extensive GAG depletion within 
the native cartilage of the osteochondral biopsies with time. 

LDH measurements from your original model description 
(de Vries-van Melle et al., 2012) suggest that many of the 
chondrocytes in the bovine cartilage are either dead or 
dying. Might these changes to the adjacent cartilage be 
affecting lateral repair tissue integration, as exemplified 
in Fig. 2B?
Authors: The safranin O-stained sections indeed confirm 
GAG depletion from the native cartilage. We believe that 
this phenomenon is due to the lack of mechanical loading. 
In H&E-stained sections, the nuclei of the chondrocytes 
appeared normal, which makes us believe that the cells 
are still viable. Although the LDH measurements indeed 
indicate relevant amounts of dead or dying cells, the 
LDH was not only released from cells in the cartilage, but 
also from cells in the subchondral bone. The absence of 
mechanical loading under conditions of poor nutrition (such 
as during subcutaneous implantation) or the loss of GAG 
from the adjacent cartilage, could however have affected 
integration of newly formed tissue onto native cartilage. 
On the other hand, it is known that poor integration is a 
relevant problem in the microfracture technique as well 
as in ACI and its derivatives. This integration definitely 
deserves further attention in future studies.

Reviewer II: This new model system has the potential to 
complement other systems for evaluating chondral and 
osteochondral-tissue repair strategies. However, does the 
presence of extensive cartilage degradation and continued 
subchondral bone remodelling within the bovine tissue 
suggest that your model system better simulates repair 
within an osteoarthritic joint? 
Authors: Preparing the osteochondral biopsies induces 
tissue injury that can be regarded as traumatic tissue injury 
that happens in patients. It is known that untreated joint 
defects are destined to progress towards osteoarthritis 
(OA). The loss of GAG and the increased remodelling 
of the subchondral bone in the osteochondral biopsy 
model are certainly processes that occur in early phases 
of osteoarthritis as well. Therefore, we believe that our 
osteochondral biopsy model can indeed be regarded as 
injured tissue that might represent early osteoarthritis. It 
would be very interesting to see what mechanical loading 
would do in this model. It is well known that bone needs 
mechanical loading to be maintained (Wolffs law) and 
loading will play a role in development of osteoarthritis 
and the generation of areas of subchondral bone sclerosis 
later on.


