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Abstract
Background aims. Cartilage tissue engineering with human mesenchymal stromal cells (hMSC) is promising for allogeneic
cell therapy.To achieve large-scale hMSC propagation, scalable microcarrier-based cultures are preferred over convention-
al static cultures on tissue culture plastic.Yet it remains unclear how microcarrier cultures affect hMSC chondrogenic potential,
and how this potential is distinguished from that of tissue culture plastic. Hence, our study aims to compare the chondro-
genic potential of human early MSC (heMSC) between microcarrier-spinner and tissue culture plastic cultures. Methods. heMSC
expanded on either collagen-coated Cytodex 3 microcarriers in spinner cultures or tissue culture plastic were harvested for
chondrogenic pellet differentiation with empirically determined chondrogenic inducer bone morphogenetic protein 2 (BMP2).
Pellet diameter, DNA content, glycosaminoglycan (GAG) and collagen II production, histological staining and gene ex-
pression of chondrogenic markers including SOX9, S100β, MMP13 and ALPL, were investigated and compared in both
conditions. Results. BMP2 was the most effective chondrogenic inducer for heMSC. Chondrogenic pellets generated from
microcarrier cultures developed larger pellet diameters, and produced more DNA, GAG and collagen II per pellet with
greater GAG/DNA and collagen II/DNA ratios compared with that of tissue culture plastic. Moreover, they induced higher
expression of chondrogenic genes (e.g., S100β) but not of hypertrophic genes (e.g., MMP13 and ALPL). A similar trend
showing enhanced chondrogenic potential was achieved with another microcarrier type, suggesting that the mechanism is
due to the agitated nature of microcarrier cultures. Conclusions. This is the first study demonstrating that scalable microcarrier-
spinner cultures enhance the chondrogenic potential of heMSC, supporting their use for large-scale cell expansion in cartilage
cell therapy.
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Introduction

Articular cartilage is a weight-bearing connective tissue
surrounding synovial joints and is physiologically im-
portant for reducing friction for movement, bearing
mechanical stress without distortion and absorbing
shock [1–4]. It is avascular and consists of chondrocytes
surrounded by a specialized extracellular matrix pri-
marily made up of glycosaminoglycans (GAG) and
collagen II fibrils [1–4]. Because of its poor regener-
ative ability, degeneration or injury to articular cartilage
is responsible for diseases such as osteoarthritis, which

is one of the leading causes of pain and immobility
worldwide [4–6]. Current treatments for cartilage
defects with allografts are inadequate because of limited
cadaver tissue supply [4–6], and thus researchers have
turned to tissue engineering to generate articular
cartilage-like tissue in vitro for potential allogeneic cell
therapy [7–10].

Cartilage tissue engineering efforts for cartilage re-
placement are centered on generating articular
cartilage-like tissue in vitro by directing chondro-
genic differentiation of stem cells into chondrocyte-
like cells [7–10]. Many studies are focused on using
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human mesenchymal stromal cells (hMSC) mainly
because they are easily isolated and safe to use [11,12].
Particularly, human early hMSC (heMSC) are attrac-
tive for cell therapeutic applications as they display
higher growth rate, enhanced plasticity and slower se-
nescence rate than adult hMSC [13,14]. One of the
many challenges facing allogeneic cartilage cell therapy
is that conventional static culture platforms on tissue
culture plastic cannot supply the large quantities of
cells necessary for cartilage regeneration that is pro-
jected to be at least 1.5 to 4.5 × 107 cells per patient
[15–17]. Although reports have estimated that con-
ventional static culture on tissue culture plastic can
yield up to 5 × 109 cells with a 40-cell stack, this process
is too expensive and labor intensive for it to be viable
on a large-scale basis [15–17]. Therefore, research-
ers have explored the use of alternative platforms,
especially scalable microcarrier-based technologies, to
meet this prospective market demand for hMSC
[15,18–22].

Microcarrier-based cell culture platforms were first
developed by Van Wezel and his group, who culti-
vated adherent cells on the surface of solid particles
known as microcarriers, which were then suspended
in growth medium by constant impeller-based agita-
tion [23]. This system generates a homogenous
suspension culture system that is similar to what is
commonly used for propagating mammalian cells in
industrial-scale bioreactors [23]. It is advantageous
because it (i) provides a high surface-to-volume ratio
that can be adjusted on the basis of microcarrier con-
centration; (ii) enables efficient oxygen and nutrient
transfer; (iii) allows easy scale-up for use in bioreactors;
(iv) enables on line monitoring and control of culture
parameters, which improves the reproducibility of cell
culture for quality control; and (v) is cost-effective in
terms of yield per unit medium [15,24]. The dem-
onstration that microcarrier-based culture platform
allows for efficient propagation of cells from a small
starting population by many groups also makes it at-
tractive for cartilage tissue engineering of hMSC.

Previous work has explored expanding cell types
such as isolated bona fide chondrocytes [25–29],
chondroprogenitors [30] and other types of stem cells
[31] on microcarrier-based culture platforms and tested
their ability to generate cartilaginous tissue in vitro.
However, no study to date has demonstrated (i) how
microcarrier-based culture platform affects hMSC
chondrogenic potential, (ii) how this potential differs
from that achieved with conventional static cultures
on tissue culture plastic, and (iii) most importantly,
whether microcarrier cultures pose an additional ad-
vantage of improving hMSC chondrogenic potential,
in addition to their scalability, that will enable large-
scale hMSC cultivation for allogeneic cartilage cell
therapy.

To address this, we present the first study com-
paring the chondrogenic potential of heMSC after
initial propagation on agitated microcarrier-spinner
culture to that of conventional static culture on tissue
culture plastic. We found that chondrogenic pellets
derived from microcarrier-spinner cultures dis-
played enhanced chondrogenic potential in terms of
pellet diameter, DNA content, glycosaminoglycan and
collagen II production; histological staining; and gene
expression of chondrogenic markers, including SOX9,
S100β,MMP13 and ALPL. Similar trend in improv-
ing chondrogenic potential was also achieved with
another microcarrier type, suggesting that the mech-
anism behind this enhancement is likely due to the
agitated nature of the microcarrier cultures and not
the surface coating of the microcarriers.

Methods

heMSC static culture on tissue culture plastic

heMSC were isolated, characterized and approved for
use by the Domain Specific Review Board of Nation-
al Healthcare Group in Singapore (DSRB-2006-
00154), as previously described [20]. heMSC (passage
8–9) were plated at a density of 2400–2800 cells/
cm2 in either T175 cm2 cell culture flasks or Nunc
EasyFill Cell Factory Systems in MSC growth medium
consisting of Minimum Essential Medium α, 10% fetal
bovine serum and 1% penicillin-streptomycin (all from
Gibco). The medium was changed every 2–3 days.
heMSC were passaged at ~70% confluency when they
were harvested using 0.25% trypsin-EDTA (Gibco)
for 5 min at 37°C.Viability and cell count assays were
performed with the automated NucleoCounter NC-
3000 (Chemometec). All cultures were maintained
at 37°C in a 5% CO2 humidified incubator (Thermo
Scientific).

heMSC microcarrier-spinner culture

Cytodex 1 (size: 147–248 μm) and Cytodex 3 (size:
141–211 μm) microcarriers were prepared in accor-
dance to the manufacturer’s instructions (GE
Healthcare) and sterilized by autoclaving at 121°C for
20 min. The microcarriers were washed three times
in MSC growth medium before use. 4.8 × 104 or
9.6 × 104 heMSC were seeded onto 2.7 mg/mL of
Cytodex 1 or 8 mg/mL of Cytodex 3 microcarriers,
respectively, which is equivalent to a four cells/bead
ratio. Cells were cultivated in 500-mL disposable
spinner flasks (Corning) at an agitation rate of 30–
40 rpm (unless otherwise stated) with MSC growth
medium. Fifty percent medium change was done every
other day. After 7 days of expansion in microcarrier-
spinner culture, heMSC were dissociated from the
microcarriers with 0.25% trypsin-EDTA for 5–15 min
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at 37°C before fetal bovine serum was added to
stop the enzymatic reaction (all from Gibco).
Microcarriers were subsequently removed from the cell
suspension by filtration through 40-μm cell strainers
(BD Falcon).

Chondrogenic differentiation

heMSC derived from either tissue culture plastic or
microcarrier-spinner cultures were grown as micromass
pellets in clear round bottom ultra-low attachment 96-
well plates (Corning) for chondrogenic differentiation.
Pellets were formed by centrifugation at 1000 rpm for
5 min at room temperature using 2 × 105 heMSC per
pellet per well for both conditions. They were cul-
tured in chondrogenic differentiation medium
containing DMEM-high glucose (Gibco), 1 mmol/L
sodium pyruvate (Gibco), 100 nmol/L dexametha-
sone (Sigma), 0.1 mmol/L L-ascorbic acid-2-phosphate
(Sigma), 1% ITS+1 (Sigma), L-proline (Sigma) and
1% penicillin/streptomycin (Gibco). At the initial
screening across multiple chondrogenic inducers
(Figure 1), the medium was supplemented with one
of the following factors: 10 ng/mL recombinant human
transforming growth factor (TGF)-beta-1 (CHO-
derived), 10 ng/mL recombinant human TGFβ-3
(Sf21-derived), 100 ng/mL recombinant human bone
morphogenetic protein 2 (BMP2) (CHO-derived),
100 ng/mL recombinant human BMP6 (NSO-
derived), 100 ng/mL recombinant human BMP7
(CHO-derived) or 250 ng/mL recombinant human
sFRP-1(NSO-derived; all from R&D Systems). All sub-
sequent studies were done using chondrogenic
differentiation medium supplemented with 100 ng/
mL of BMP2. Chondrogenic medium was changed
every 2–3 days.

Pellet diameter evaluation

Brightfield images (at least 4 pellets per condition) were
taken with Axio Vert.A1 microscope (Zeiss) at weekly
time points from day 0 through day 28 of differenti-
ation. Images were processed with ImageJ to determine
the diameter of pellets.

DNA,GAG and collagen II content evaluation

Pellets (at least three per condition per time point)
were rinsed once with phosphate-buffered saline before
immediate storage at −80°C. After thawing, the pellets
were either digested with 0.125 mg/mL papain at 65°C
overnight for DNA and GAG quantification, or with
0.1 mg/mL pepsin at 4°C over 2 nights followed by
0.1 mg/mL elastase digestion at 4°C overnight for
collagen II evaluation. DNA quantification was
done using Quant-iT Picogreen dsDNA Assay,
GAG measurement was done using Blyscan

Sulfated Glycosaminoglycan Assay (Biocolor), and col-
lagen II quantification was done by enzyme-linked
immunosorbent assay against type II collagen
(Chondrex), all in accordance with manufacturer’s in-
structions. All fluorometric and optical readings were
taken at with Tecan Infinite M200.

Histological and immunocytochemical staining

Pellets (at least four per condition per time point) were
rinsed once with phosphate-buffered saline before fixing
with 4% paraformaldehyde at 4°C overnight. Fixed
pellets were cleared with histoclear and embedded in
paraffin wax. Five-micrometer-thick sections were cut
in a slide series of 20 and stained either with hema-
toxylin and eosin using Leica AutoStainer XL
Automatic Slide Stainer, or manually with 0.1% sa-
franin O, alcian blue at pH 1.0 or 2.5 or alizarin red.
Immunocytochemistry with mouse anti-chicken col-
lagen type II monoclonal antibodies (clone 6B3,
Millipore) at 1:1000 dilution was performed using the
Leica Bond Autostainer. All histological and immu-
nohistochemical stainings were performed by the
Advanced Molecular Pathology Laboratory at Insti-
tute of Molecular and Cell Biology, Agency for Science,
Technology and Research, Singapore. Sections were
then examined by light microscopy with Eclipse Ni-E
microscope (Nikon) at the Singapore Bioimaging
Consortium-Nikon Imaging Center.

Gene expression evaluation

Pellets (at least four per condition per time point)
were manually homogenized in Trizol solution
(Life Technologies) using OMNI TH Tissue
Homogenizer with Omni Hard Tissue Tips (OMNI
International). RNA was extracted with Direct-zol
RNA Purification Kit in accordance to the
manufacturer’s protocol (Zymo Research) and its con-
centration was measured by NanoDrop (Biofrontier
Technology). cDNA was synthesized from 200 ng of
RNA per sample by Maxima First-Strand cDNA Syn-
thesis Kit, as per manufacturer’s protocol (Thermo
Scientific Fermentas). Relative mRNA expression of
chondrogenic marker genes were measured by quan-
titative real-time polymerase chain reaction with
TaqMan Probe-Based Gene Expression Analysis (Life
Technologies) on 7500 Fast Real-Time PCR System
(Applied Biosystems). The TaqMan probes used in
this study are listed inTable SI. Comparative Ct values
were analyzed with StepOne 7500 Software (Applied
Biosystems). Relative mRNA expressions of target
genes were calculated based on 2ΔΔCt formula after
normalization to glyceraldehyde 3-phosphate dehy-
drogenase values with reference to tissue culture plastic
at day 0 of differentiation.
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Figure 1. BMP2 induced effective chondrogenic differentiation of heMSC. (A) Visual comparison of pellet size at day 28 of differentia-
tion (side view of 96-well plate). CM, chondrogenic medium without inducer. Scale bar = 1 mm. (B) Comparison of pellet diameter and
DNA content per pellet. BMP2 induced highest fold increases in pellet diameter and DNA content per pellet. #On day 28, DNA content
of BMP2 was significantly improved over all other inducers except TGFβ-1 and BMP6. (C) Comparison of GAG content per pellet and
GAG/DNA ratio at day 28 of differentiation. BMP2 induced greatest fold increases in GAG production per pellet and per μg of DNA.
(D) Comparison of collagen II content per pellet and collagen II/DNA ratio at day 28 of differentiation. BMP2 induced greatest fold in-
creases in collagen II production per pellet and per μg of DNA. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All
P values refer to statistical significance of BMP2 over all other inducers at indicated time points unless otherwise indicated. All fold in-
creases presented are calculated over values of chondrogenic medium without inducer at indicated time points.
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Statistical analyses

Data were expressed as mean ± SD and were ana-
lyzed with statistical software Prism 6 (GraphPad).
Multiple comparisons among different conditions were
compared statistically using ordinary one-way anal-
ysis of variance withTukey’s multiple comparisons test.
Pairwise comparisons were compared statistically using
Student’s t-test. For all statistical tests, P values <0.05
were considered significant.

Results

BMP2 induced effective chondrogenic differentiation
of heMSC

Various signaling molecules, such asTGFβ-1 [32,33],
TGFβ-3 [34,35] and BMP2 [36,37], have been re-
ported to be important for in vitro chondrogenic
differentiation of hMSC, which includes both adult
and heMSC.Yet recent studies have also shown that
there are inherent differences in the ability of hMSC,
depending on their origin and tissue source, to respond
to these factors and differentiate [14].

To identify the optimal chondrogenic inducer for
heMSC, we screened a comprehensive list of mol-
ecules, ranging fromTGFβ-1,TGFβ-3, BMP2, BMP6
and BMP7 to secreted frizzled-related protein 1 (sFRP-
1), on chondrogenic pellets in a high throughput
fashion using round bottom ultra-low attachment 96-
well plates for 28 days [14,32–39]. Samples were
analyzed at weekly time points with the following pa-
rameters: (i) visual examination and quantification of
pellet diameter by imaging as it has been shown that
pellet size is positively correlated with efficiency of
chondrogenic differentiation [40], (ii) DNA content
evaluation to monitor cell proliferation, (iii) histologi-
cal and immunocytochemical staining for proteoglycan
(GAG) and collagen II content, as well as their quan-
titative measurements per pellet to determine the total
functional output of differentiated heMSC toward gen-
erating a cartilaginous extracellular matrix (ECM)
[1–4], and (iv) GAG/DNA and collagen II/DNA ratios
analysis to assess production per cell or per micro-
gram DNA as an indicator of the extent to which
differentiated heMSC resemble bona fide chondrocytes.
Fold increases were calculated by taking values of chon-
drogenic medium with specific inducer over those
without inducer at each respective time point. Statis-
tical analyses were done by comparing fold increases
between different inducers at each respective time
point.

Visual evaluation of the pellets showed that
addition of BMP2 produced the largest pellet as early
as day 14 through day 28 of differentiation, com-
pared with pellets grown in other conditions with or
without inducer (Figure 1A, data shown for day 28

of differentiation). This result is further supported by
quantitative analyses on pellet diameter and DNA
content (Figure 1B). BMP2 induced the highest fold
increase in pellet diameter as early as day 7 (1.5 fold)
into chondrogenic differentiation through to 28 days
(4.6 fold; all Ps < 0.0001; Figure 1B). Similar results
were obtained for DNA content where significant fold
increase was observed as early as 14 days (3.4 fold)
into chondrogenic differentiation through to 28 days
(3.8 fold; day 7: P < 0.05; day 14: P < 0.001; day 21:
P < 0.05; day 28: P < 0.01; Figure 1B).The increase
in pellet diameter and DNA content induced by BMP2
was similar at each respective time points up to day
21, suggesting that the increase in pellet diameter up
to this point is caused mainly by increase in cell
numbers (Figure 1B). At day 28, the increase in pellet
diameter was greater than the increase in DNA content,
which could be due to the accumulation of signifi-
cant amounts of ECM made up of proteoglycans and
collagen molecules that are space filling, as sup-
ported by results shown in Figure 1C and 1D.

Similar to the results of pellet diameter and DNA
content analysis, functional analyses by GAG content
and GAG/DNA ratio evaluation revealed that BMP2
induced the greatest fold increase in total GAG pro-
duction per pellet (524 fold) and per μg DNA (161
fold) at day 28 of differentiation (GAG:P < 0.01; GAG/
DNA: P < 0.0001; Figure 1C). Furthermore, collagen
II content and collagen II/DNA ratio evaluation also
showed that BMP2 induced the greatest fold
increase in total collagen II production per pellet
(1626 fold) and per μg DNA (681 fold) at day 28
(Figure 1D). The two most commonly used chon-
drogenic inducers,TGFβ-1 andTGFβ-3, did not elicit
the same effect as BMP2 in all of the tested param-
eters mentioned above (Figure 1). In all, our results
consistently showed that BMP2 is the most effective
chondrogenic inducer for heMSC, and thus it was used
throughout the study.

To determine the optimal concentration of BMP2
for heMSC chondrogenic differentiation, we tested the
effect of different BMP2 concentrations of 20, 50 and
100 ng/mL and statistically compared between the dif-
ferent concentrations at each respective time point.
Functional analyses of GAG content and GAG/
DNA ratio revealed that 100 ng/mL of BMP2 induced
substantial GAG production per pellet and per mi-
crogram DNA by day 28 of differentiation (GAG/
DNA: P < 0.05; Figure S1A). Similarly, collagen II
content and collagen II/DNA ratio evaluation showed
that 100 ng/mL of BMP2 induced significant pro-
duction of collagen II per pellet and per μg DNA as
early as day 21 (P < 0.01 and P < 0.001, respective-
ly) through day 28 of differentiation (all Ps < 0.01;
Figure S1B). We did not test any BMP2 concentra-
tions greater than 100 ng/mL because it has been
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shown previously to lead heMSC toward osteogenic
differentiation. Thus, we used 100 ng/mL of BMP2
to induce heMSC chondrogenic differentiation for the
following comparative study of tissue culture plastic
and microcarrier-spinner cultures.

To ascertain that 100 ng/mL of BMP2 did not
induce undesirable osteogenic differentiation during
the course of chondrogenic differentiation, we tested
for calcium production through 28 days of differen-
tiation. We found that 100 ng/mL of BMP2 did not
induce significant calcium levels per pellet and only
at levels comparable to when no BMP2 was added
(Figure S2A). Notably, 100 ng/mL of BMP2 induced
significant chondrogenic output in terms of GAG and
collagen II production at 524- and 1626-fold in-
crease, respectively by 28 days of differentiation
(Figure 1C,D and Figure S2B). This contrasts with
calcium production indicative of osteogenic differen-
tiation, which was only at 0.5 fold by 28 days of
differentiation (Figure S2A,B). Hence, 100 ng/mL of
BMP2 did not induce undesirable osteogenic differ-
entiation during chondrogenic differentiation.

heMSC harvested from microcarrier-spinner culture
displayed improved chondrogenic potential compared
with that of tissue culture plastic

Previous work has already established that heMSC
grown in microcarrier-spinner culture display similar
characteristics to that of conventional static culture on
tissue culture plastic in terms of their International
Society for CellularTherapy (ISCT) MSC marker ex-
pression and ability to undergo trilineage differentiation
[15,20,22]. However, they were shown to be differ-
ent in terms of their osteogenic potential [20] as well
as their cytokine profiles [41]. Hence, it was of inter-
est to explore the chondrogenic potential of heMSC
grown in microcarrier-spinner cultures and compare
it with those grown on conventional tissue culture
plastic.To this end, we grew heMSC either as mono-
layer cultures on tissue culture plastic ware, or on
dextran-based collagen-coated Cytodex 3 microcarriers
in agitated spinner cultures, as shown in the experi-
mental schematic in Figure 2A. Trypsin-harvested
heMSC were then cultured as chondrogenic pellets
in ultra-low attachment 96-well plates using 100 ng/
mL of BMP2 for 28 days of differentiation with
samples removed for weekly analysis (Figure 2A).
Brightfield microscopic imaging revealed that heMSC
grown on both culture platforms displayed similar mor-
phology (Figure 2B). Flow cytometry analysis also
showed that they expressed similar levels of common
ISCT MSC markers such as CD34, 73, 90, 105 and
146 (Table SII).

Safranin O and alcian blue (pH 1.0 and 2.5) stain-
ing for proteoglycan (GAG) content revealed that

chondrogenic pellets derived from heMSC har-
vested from microcarrier-spinner culture not only
developed more intense staining but also had greater
proportion of the pellet positively stained compared
with that of tissue culture plastic at day 21 and day
28 of differentiation (Figure 2C, data shown for day
28). Immunocytochemical staining for collagen II also
showed that microcarrier-derived pellets had nearly
all of the pellet cross-section positively stained for col-
lagen II while pellets derived from tissue culture plastic
had many discrete areas around the periphery and the
center of the pellet that were negative for collagen II
(arrows), at days 21 and 28 (Figure 2C, data shown
for day 28).

To confirm these results, we performed quantita-
tive analyses on pellet diameter, DNA, GAG and GAG/
DNA ratio, as well as collagen II and collagen II/
DNA ratio.We found that chondrogenic pellets derived
from heMSC harvested from microcarrier-spinner cul-
tures developed greater pellet diameters that are 1.5-
fold (P = 0.000109) and 1.6-fold (P = 3.28 × 10−7)
larger than that of tissue culture plastic at days 21 and
28 of differentiation, respectively (Figure 3A). Simi-
larly, these pellets developed 3.3-fold (P = 0.00257)
and 1.8-fold (P = 0.0187) more DNA per pellet than
that of tissue culture plastic at days 21 and 28, re-
spectively (Figure 3A). Comparative kinetics study of
pellet diameter and DNA content from day 0 to 28
further revealed that they developed larger pellet size
as early as day 7 until 28 and more DNA content as
early as day 14 to 28 than their tissue culture plastic
counterparts (Figure S3A).

GAG content per pellet and GAG/DNA ratio eval-
uation showed that chondrogenic pellets derived from
microcarrier-spinner cultures produced 6.0-fold
(P = 0.00477) and 7.5-fold (P = 6.01 × 10−6) more
GAG per pellet, as well as 1.8-fold (P = 0.00606) and
3.7-fold (P = 0.000704) more GAG per μg DNA than
that of tissue culture plastic at days 21 and 28 of dif-
ferentiation respectively (Figure 3B). Interestingly,
comparative kinetics study of GAG production
per pellet and per μg DNA from day 0 to 28 re-
vealed that the significant increase in GAG production
per pellet and per μg DNA with cells harvested from
microcarrier-spinner cultures was more prominent at
later stages of differentiation from days 21 and 28, re-
spectively (Figure S3B).

Collagen II content and collagen II/DNA ratio eval-
uation also indicated that chondrogenic pellets derived
from microcarrier-spinner cultures produced 25-
fold (P = 0.0304) and 12-fold (P = 0.0201) more
collagen II per pellet, as well as 13-fold (P = 0.0479)
and 6.7-fold (P = 0.0182) more collagen II per mi-
crogram DNA than that of tissue culture plastic at days
21 and 28, respectively (Figure 3C). Comparative ki-
netics study of collagen II production per pellet and
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per μg DNA from day 0 to day 28 also revealed that
cells from microcarrier culture produce significantly
more collagen II per pellet and per microgram DNA
than their tissue culture plastic counterparts at later
stages of differentiation starting from day 21 onward
(Figure S3C).These data are consistent with the results
we obtained with GAG analysis (Figure 3B and
Figure S3B).

Moreover, chondrogenic pellets derived from both
expansion platforms did not induce significant calcium
production, as shown by alizarin red staining and
calcium quantification (Figure S4). This is consis-
tent with our results, as shown in Figure S2, that
100 ng/mL of BMP2 did not induce undesirable
osteogenic differentiation during chondrogenic
differentiation.

In all, our data demonstrate that heMSC ex-
panded with microcarrier-spinner cultures display

enhanced chondrogenic potential in terms of pellet size,
cellular proliferation, proteoglycan and collagen II pro-
duction per pellet and per μg DNA compared with
that of conventional static cultures on tissue culture
plastic.

heMSC harvested from microcarrier-spinner culture
upregulated expression of chondrogenic markers and
repressed hypertrophic genes

To ascertain our findings and determine whether
heMSC harvested from microcarrier-spinner culture
display improved chondrogenic output on a
transcriptome level as well, we compared the chon-
drogenic gene expression profiles of pellets derived from
microcarrier-spinner and tissue culture plastic culture
across 28 days of differentiation. We looked at three
time points, namely day 0 to directly assess the impact

Figure 2. Chondrogenic pellets of heMSC harvested from microcarrier-spinner culture increased their pellet size as well as produced more
proteoglycans (safranin O and alcian blue staining) and collagen II, compared with that of tissue culture plastic. (A) Schematic of the ex-
periment comparing the chondrogenic potential of heMSC that were either grown on conventional static cultures on tissue culture plastic
or on microcarrier-spinner cultures. heMSC were enzymatically removed from tissue culture plasticware (monolayer) and microcarriers
before undergoing chondrogenic differentiation as pellet or micromass cultures for 28 days. (B) Brightfield images of heMSC grown on
tissue culture plastic or microcarrier-spinner cultures. heMSC grown on both culture platforms displayed similar morphology. Scale bar = 100 μm.
(C) Staining of chondrogenic pellets derived from heMSC from both culture platforms with hematoxylin and eosin, safranin O, alcian
blue (pH 1.0 and 2.5) and immunostaining for collagen II. Chondrogenic pellets derived from microcarrier-spinner culture are signifi-
cantly larger in size and produced more proteoglycans (safranin O and alcian blue) and collagen II, compared with that of tissue culture
plastic at day 28 of differentiation. Arrows indicate areas that are negative for collagen II in pellets derived from tissue culture plastic. Scale
bar = 200 μm.

746 Y. M. Lin et al.



of cell expansion on different culture platforms on
chondrogenic marker expression, days 14 and 28 to
determine gene expression profiles during early to
mid stages (first 14 days) as well as mid to late stages
(last 14 days) of chondrogenic differentiation, respec-
tively. We looked at three distinct categories of
chondrogenic genes: (i) chondrogenic transcrip-
tional and intracellular regulators such as transcription
factor SOX9 and its transcriptional coactivators SOX5
and SOX6 that are collectively expressed in early-stage

chondrocyte progenitors through mid-stage mature pre-
hypertrophic chondrocytes [42–45], as well as calcium-
binding protein S100β that are highly expressed in mid-
stage mature pre-hypertrophic chondrocytes that
contribute most to the generation of articular carti-
lage [46,47]; (ii) chondrogenic ECM markers such as
COL2A1 and 9A1 that are predominately expressed
in mid-stage mature pre-hypertrophic chondrocytes
for articular hyaline cartilage generation, ACAN that
is expressed in early-stage chondrocyte progenitors

Figure 3. Chondrogenic pellets of heMSC harvested from microcarrier-spinner culture displayed enhanced chondrogenic potential, com-
pared with that of tissue culture plastic. This is demonstrated by increasing (A) pellet diameter and DNA content per pellet, (B) GAG
content per pellet and GAG/DNA ratios, and (C) collagen II content per pellet and collagen II/DNA ratios, compared with that of tissue
culture plastic at days 21 and 28 of differentiation. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All P values refer to statis-
tical significance of microcarrier-spinner culture over that of tissue culture plastic at indicated time points. All numbers shown on bar graphs
indicate the fold changes of microcarrier-spinner culture as compared to tissue culture plastic.
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through mid-stage mature pre-hypertrophic
chondrocytes to generate the proteoglycan content in
chondrogenic ECM, and COL1A1 that is expressed
predominantly in early-stage chondrogenic progeni-
tors [1–4]; and (iii) hypertrophic markers such as
transcription factor RUNX2, proteinase MMP13, phos-
phatase ALPL and COL10A1 that are highly expressed
in late-stage hypertrophic chondrocytes that will lead
to mineralization in normal physiological state and car-
tilage degradation in disease state [44,48–50].

At day 0, we found that chondrogenic pellets
derived from microcarrier-spinner culture showed sig-
nificantly higher upregulation of crucial chondrogenic
transcriptional regulators such as SOX9 (1.6-fold,
P = 0.000315), SOX5 (2.8-fold, P = 0.00250) and
SOX6 (2.9-fold, P = 0.0385), as well as chondro-
genic ECM marker COL2A1 (7.1-fold), compared with
that of tissue culture plastic (Figure 4A). Although these
pellets also showed an increase in expression of hy-
pertrophic chondrogenic genes, such as MMP13
(1.7-fold, p = 0.0225), and COL10A1 (3.1-fold,
P = 0.000499), it must be noted that these markers
are not restricted to the hypertrophic stage and have
been reported to be induced during early stages of
hMSC chondrogenic differentiation in vitro [51], which
is in agreement with our data (Figure 4A).Taken to-
gether, our data suggests that microcarrier-spinner
cultures may be primed for chondrogenic differenti-
ation as early as day 0 as they already showed enhanced
expression of major chondrogenic transcription factors
and collagen II compared with tissue culture plastic.

At day 14, we discovered that while expression of
transcriptional regulators such as SOX9, SOX5 and
SOX6 remain fairly similar between pellets derived from
both platforms, chondrogenic pellets derived from
microcarrier-spinner culture significantly upregulated
mid-stage pre-hypertrophic chondrogenic markers such
as intracellular regulator S100β (2.0-fold, P = 0.0327),
as well as articular cartilage-like ECM markers such
as COL2A1 (14.0 fold, P = 0.000190),COL9A1 (46.0-
fold) and ACAN (1.4-fold, P = 0.000471), compared
with that of tissue culture plastic (Figure 4B). These
results suggest that during the first 14 days of differ-
entiation, heMSC harvested from microcarrier-
spinner culture not only enhanced the expression of
general chondrogenic transcriptional regulators
like the SOX genes, but also induced expression of
genes specific to mid-stage mature pre-hypertrophic
chondrocytes such as S100β and COL2A1.The gene
expression profiles are consistent with our histologi-
cal and quantitative data (Figures 2 and 3), suggesting
that expansion on microcarrier-spinner culture may
predispose heMSC to generate articular hyaline
cartilage.

At day 28, we observed fairly similar expression
levels of chondrogenic transcriptional regulators and

chondrogenic ECM markers between pellets derived
from both culture systems, suggesting that there is no
preferential enhancement of mid-stage pre-hypertrophic
genes (Figure 4C). Interestingly, we found that al-
though pellets derived from microcarrier-spinner
upregulated COL10A1 (38-fold, P = 0.00746) expres-
sion, more importantly, they repressed the majority
of the hypertrophic markers such as RUNX2 (−1.8-
fold), MMP13 (−29.0 fold, P = 0.00159) and ALPL
(−4.1 fold, P = 0.000871), compared with that of tissue
culture plastic (Figure 4C). This enhanced repres-
sion of RUNX2 (−2.2-fold), MMP13 (−8.6-fold,
P = 0.00408) and ALPL (−1.4 fold, P = 0.0306) was
also observed at day 14 (Figure 4B). These results
suggest that during the last 14 days of differentia-
tion, pellets from microcarrier-spinner culture may
maintain the mid-stage pre-hypertrophic stage not
only by preferentially inducing mid-stage pre-
hypertrophic chondrogenic markers, but also by
enhancing repression of hypertrophic genes to prevent
their further differentiation into late-stage hypertro-
phic chondrocytes.

Interestingly, as COL1A1,RUNX2 and ALPL can
also be markers of osteogenic differentiation, our results
seem to indicate that microcarrier-spinner expan-
sion can lead to repression of these genes compared
with that of tissue culture plastic from as early as days
0 through 28 of differentiation (Figure 4). Addition-
al analysis of osteogenic marker BGLAP or
OSTEOCALCIN expression levels further support
these observations. Cells derived from microcarrier-
spinner culture repressed BGLAP expression from day
14 through 28 of differentiation (−2.8-fold at day 14
and −1.7-fold at day 28), compared with that of tissue
culture plastic (data not shown).

In conclusion, the gene expression data support
the overall findings that initial expansion of heMSC
in microcarrier-spinner culture not only improves chon-
drogenic potential in terms of pellet size, cellular
proliferation, GAG and collagen II production, but also,
at the transcriptome level, induces expression of mid-
stage pre-hypertrophic chondrogenic markers while
repressing late-stage hypertrophic genes, a phenom-
enon conducive for generating articular hyaline
cartilage-like tissue in vitro.

Similar trend in enhancing heMSC chondrogenic
potential with microcarrier-spinner culture was achieved
with another microcarrier type

To test whether the improvement of heMSC chon-
drogenic potential by microcarrier-spinner culture can
be applied to an alternative microcarrier type, we re-
peated the experiment using positively charged Cytodex
1 microcarriers. Cytodex 1 and 3 microcarriers are
made of the same matrix consisting of cross-linked
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dextran but have different surface properties where the
former is coupled with tertiary amine (DEAE) and
is thus positively charged while the latter is coated with
denatured collagen molecules or gelatin.

GAG content per pellet and GAG/DNA ratio eval-
uation showed that chondrogenic pellets derived from
Cytodex 1 spinner cultures induced about 2.0-fold
(P = 0.0168) and 1.9-fold (P = 0.0968) increase in

Figure 4. Comparison of chondrogenic gene expression profiles between chondrogenic pellets derived from microcarrier-spinner cultures
and that of tissue culture plastic. (A) At day 0, chondrogenic pellets derived from microcarrier-spinner culture showed significantly higher
upregulation of crucial chondrogenic transcriptional regulators such as SOX9, SOX5 and SOX6, and chondrogenic ECM marker COL2A1,
compared with that of tissue culture plastic. (B) At day 14, while expression of transcriptional regulators including SOX9, SOX5 and SOX6
remained fairly similar between pellets derived from both platforms, chondrogenic pellets derived from microcarrier-spinner culture sig-
nificantly upregulated mid-stage prehypertrophic chondrogenic markers such as intracellular regulator S100β, as well as articular cartilage-
like ECM markers such as COL2A1, COL9A1 and ACAN, compared with that of tissue culture plastic. (C) At day 28, although expression
of chondrogenic transcriptional regulators and ECM markers remained fairly similar between pellets derived from both platforms, pellets
derived from microcarrier cultures repressed the majority of hypertrophic markers such as RUNX2, MMP13 and ALPL, compared with
that of tissue culture plastic. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All P values refer to statistical significance of microcarrier-
spinner culture over that of tissue culture plastic for specific markers at indicated time points. All fold expression values were determined
over that of tissue culture plastic at day 0. Fold expression values greater than maximal y axis values are expressed as (×10^). All numbers
shown on bar graphs indicate the fold changes of microcarrier-spinner culture over that of tissue culture plastic.
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GAG production per pellet, as well as 1.8-fold
(P = 0.0729) and 2.1-fold (P = 0.161) increase in GAG
production per μg DNA, compared with to that of
tissue culture plastic at days 21 and 28, respectively
(Figure 5A).

Collagen II content and collagen II/DNA ratio eval-
uation revealed that chondrogenic pellets derived from
Cytodex 1 spinner cultures significantly induced a 5.2-
fold (P = 0.0396) and 7.9-fold (P = 0.000424) increase
in collagen II production per pellet, as well as 3.2-
fold (P = 0.0321) and 8.7-fold (P = 7.88 × 10−5), than
that of tissue culture plastic at days 21 and 28 of dif-
ferentiation, respectively (Figure 5B).The lower fold
increases achieved by Cytodex 1 microcarriers
(Figures 3 and 5) suggest that the chondrogenic dif-
ferentiation process should be optimized for each type
of microcarrier. Nevertheless, the similar trend in im-
proving heMSC chondrogenic potential in two types
of microcarrier cultures compared with the control
monolayer culture also suggests that this enhance-
ment is not caused by specific microcarrier surface
characteristics but likely because of the agitated nature
of the microcarrier-spinner culture.

Discussion

Our study revealed three main findings: (i) BMP2 is
the most effective chondrogenic inducer for human
early MSC; (ii) most importantly, heMSC expanded
on microcarrier-spinner cultures developed im-
proved chondrogenic features functionally at protein
level and molecularly at transcriptome level com-
pared with those of conventional static cultures on
tissue culture plastic; and (iii) similar trend in en-
hancing hMSC chondrogenic potential by microcarrier-
spinner cultures is achieved with another microcarrier
type, which in all supports the use of this culture plat-
form for large-scale cartilage cell therapy.

TGFβ1 and TGFβ3 are the two most commonly
used inducers to initiate hMSC chondrogenic differ-
entiation in vitro [32–35]. However, in our study, we
found that BMP2 is the most effective chondrogenic
inducer for human early MSC (Figure 1). Our results
suggest that heMSC may differ in their sensitivity to
distinct signaling factors for the initiation of chon-
drogenesis in vitro, compared with those derived from
adult sources. These results are also consistent with
a recently published report describing that heMSC
respond to BMP2 instead of TGFβ-3 with the con-
verse being true for adult hMSC [14]. It is possible
that heMSC do not effectively undergo chondro-
genic differentiation in response to the TGFβ family
because it has been shown that they fail to induce sig-
nificant phosphorylation of TGFβ-specific SMAD3
protein for downstream signaling when exposed to
TGFβ-3, which contrasts with that achieved by adult

hMSC [14]. Among the BMP family of signaling mol-
ecules, we tested BMP2, BMP6 and BMP7, all of
which have been reported previously to enable in vitro
hMSC chondrogenic differentiation [14,36].We found
that BMP2 is the most effective, followed by BMP6
with BMP7 having the least effect (Figure 1).Yet even
BMP7 managed to elicit an effect on GAG produc-
tion per pellet and per microgram DNA that is similar
to that of TGFβ-3 at day 28 of differentiation, attest-
ing to the increased responsiveness of heMSC to the
BMP signaling pathway (Figure 1). Besides theTGFβ
and BMP family of signaling molecules, we also tested
Wnt antagonist sFRP-1. We found that sFRP-1 has
negligible effect on heMSC chondrogenic differenti-
ation because it induces negligible changes in pellet
size, DNA and GAG production per pellet and per
cell to the extent that it is comparable to that cells
grown in MSC growth medium (Figure 1). Hence,
our results add to growing evidence that heMSC
prefers BMP signaling, particularly BMP2, for chon-
drogenic differentiation in vitro.

Our results showed that heMSC expanded on
microcarrier-spinner culture increased their pellet di-
ameter and DNA content (Figures 2 and 3). This is
interesting because it remains unclear which factors
contribute to the interplay between cell proliferation
and cell death during chondrogenic pellet differenti-
ation. Previous work has reported that DNA content
may decrease [40], may remain at approximately the
same level [52] or may even increase with time [53]
during chondrogenic pellet differentiation. Our results
show that DNA content can increase with chondro-
genic pellet differentiation and further suggest that
differences in cell source, composition of chondro-
genic medium and inducers may play a part.

Our main finding demonstrated that heMSC
propagated on microcarrier cultures enhanced their
ECM production of proteoglycans and collagen II on
a functional level (Figures 2 and 3), as well as ex-
pression of chondrogenic markers on a transcriptome
level (Figure 4), compared with that of tissue culture
plastic. Although heMSC across both platforms ex-
pressed similar ISCT surface markers before
differentiation (Table SII), they might be primed
differently on a molecular level toward chondro-
genic differentiation during their growth phase, as is
evident from the higher induction of chondrogenic
markers such as SOX9, SOX5 and SOX6 at day 0 of
differentiation for those derived from microcarrier-
spinner cultures (Figure 4). Our results are also
consistent with previous work from our laboratory
showing that hMSC from microcarrier-based cul-
tures displayed improved osteogenic potential in terms
of calcium deposition when differentiated in scaffold
cultures in vitro or in vivo [20], and in terms of en-
hanced expression of osteogenic markers as compared
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to that of tissue culture plastic [41], which further attest
to the universality of the microcarrier-based system
in improving differentiation outcomes.These results,
coupled with the benefits of using microcarrier-
based cultures to achieve large-scale stem cell expansion
[15,22], supports greater use of microcarrier-based cul-
tures for future cell therapy.

Unique features of the microcarrier-spinner system
that may lead to this enhancement of chondrogenic
potential include microcarrier surface characteristics
and its agitated nature. Our results showed that al-
though there are differences in the extent of
improvement, similar trends in improving hMSC chon-
drogenic potential was achieved with two microcarrier
types (Figure 5). These suggest that the chondro-
genic differentiation process should be optimized for
each type of microcarrier and further that the im-
provement may be attributed more to the agitated
nature of the culture system. This is supported by
related work reporting that a combination of shear force
and dynamic compression or mechanical loading im-
proved in vitro chondrogenic differentiation of hMSC

and chicken chondroprogenitor cells, respectively
[54,55]. Indeed, it will be important for future work
to delineate the individual effect of parameters such
as microcarrier surface coating or charge and agita-
tion to determine which is more critical or whether
a combination of both is essential. Additional param-
eters that are outside the scope of this study also need
to be studied to develop an optimal cultivation system
that is scalable with a predisposition for efficient hMSC
chondrogenic differentiation.These parameters include
testing (i) different microcarriers made up of either
cellulose, polystyrene, glass, chitosan, or polyethyl-
ene and silica; (ii) different phases of growth in spinner
culture (e.g., early log phase, mid log phase or
stationary phase), and (iii) different sources of hMSC
(e.g., bone marrow derived, Wharton’s Jelly derived,
adipose tissue derived).
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