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Abstract

The standard culture system for in vitro cartilage research is based on cells in a three-dimensional micromass culture
and a defined medium containing the chondrogenic key growth factor, transforming growth factor (TGF)-b1. The
aim of this study was to optimize the medium for chondrocyte micromass culture. Human chondrocytes were cul-
tured in different media formulations, designed with a factorial design of experiments (DoE) approach and based on
the standard medium for redifferentiation. The significant factors for the redifferentiation of the chondrocytes were
determined and optimized in a two-step process through the use of response surface methodology. TGF-b1, dexa-
methasone, and glucose were significant factors for differentiating the chondrocytes. Compared to the standard me-
dium, TGF-b1 was increased 30%, dexamethasone reduced 50%, and glucose increased 22%. The potency of the
optimized medium was validated in a comparative study against the standard medium. The optimized medium
resulted in micromass cultures with increased expression of genes important for the articular chondrocyte pheno-
type and in cultures with increased glycosaminoglycan/DNA content. Optimizing the standard medium with the
efficient DoE method, a new medium that gave better redifferentiation for articular chondrocytes was determined.
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Introduction

In 1994, Brittberg et al.
1

introduced autologous chon-
drocyte implantation (ACI) in clinical practice, a method

in which autologous chondrocytes are used to regenerate ar-
ticular cartilage. In the ACI protocol autologous chondrocytes
are expanded in vitro, during which genes specific for the ar-
ticular cartilage are down-regulated.2,3 After a limited num-
ber of cell divisions, the cells are induced to redifferentiate
and produce new extracellular matrix (ECM) in a three-
dimensional environment, through the use of a defined
medium2 containing transforming growth factor b1 (TGF-
b1) and dexamethasone. This medium has become the stan-
dard in basic research on chondrocyte redifferentiation. It
was determined 15 years ago for the differentiation of
mesenchymal stem cells into chondrocytes and was applied
to adult human chondrocytes without any optimization.2,4–7

Design of experiment (DoE) methods have been applied in
many fields of biotechnology over the last decades.8–13

Through the use of factorial design and response surface
methodology (RSM), DoE allows for a systematic approach

to optimization processes that reduces experimental bias
and noise with a limited number of experiments.12,14

In DoE setups, a first factorial screen is usually performed
to define the experimental domain and factors that signifi-
cantly affect the outcome. This screening process often is fol-
lowed by optimization steps based on more elaborate
designs, which are used to determine true optimal settings
for the significant factors through defining, narrowing, and
redefining the experimental domain.13,14 Despite its wide
use in many other parts of the biotechnology field, DoE is
only starting to be recognized in the field of regenerative
medicine and tissue engineering.15–19

DoE is often used to increase yield and purity in biochemical
processes in which nutrients are transformed to biomass or mo-
lecular products.13,20 In cartilage tissue engineering, process
yield translates to the amount of ECM produced by the cells
from nutrients in the culture media. The major components of
articular cartilage ECM are proteoglycans and collagens.21

Purity of the process translates to what type of ECM is pro-
duced. For the proteoglycans, aggrecan (ACAN) is up-regulated
and versican (VCAN) is down-regulated as the cells transit from
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the dedifferentiated expansion state to the redifferentiated state
and the cultures mature. In the same way, collagen II (COLII) is
a marker for maturity, and collagen I (COLI) is a marker of im-
maturity.2 Investigating the expression ratios of ACAN:VCAN
and COLII:COLI can thus be used to see how far the redifferen-
tiation process has proceeded. The sex determining region Y-box
9 protein (SOX9) is a key marker for chondrocyte differentiation
and affects the expression of several chondrocyte specific mark-
ers.22,23 A high expression of this gene is thus also important for
the maturation of the articular cartilage.

The aim of this study was to optimize the standard medium
in cartilage differentiation through DoE and RSM, thereby in-
creasing the ECM yield of the chondrocytes. The purity of
the ECM was ensured through investigating the ACAN:-
VCAN and COLII:COLI gene expression ratios, along with
SOX9 expression. Through a first factorial screen of the compo-
nents, significant factors affecting these expressions were deter-
mined. These factors were then optimized in two steps using
more elaborate designs and RSM. To verify that an optimal me-
dium had been determined, chondrocytes were cultured in the
new formulation and the standard medium, and the degree of
redifferentiation compared. The objective was further to show
the usefulness of the DoE methodology in the area of cartilage
tissue engineering and regenerative medicine.

Materials and Methods

Cell expansion

Surplus human chondrocytes from three patients (average
age 21 years [19–23 years]) undergoing ACI were cultured in
chondrocyte expansion medium consisting of Dulbecco’s
modified Eagle’s medium/F12 (DMEM/F12, Invitrogen,
Paisley, United Kingdom) supplemented with 0.1 mg/mL
L-ascorbic acid (Apotekets produktionsenhet, Umeå, Swe-
den), 1 · penicillin-streptomycin (PAA Laboratories, Pasch-
ing, Austria), 2 mM L-Glutamine (Invitrogen), and 10%
human serum, at 37�C in 7% CO2 and 90% relative humidity.
Medium was changed two to three times per week. Subcul-
ture was made with trypsin-EDTA solution (0.125% trypsin
[Invitrogen] diluted in 0.1 M phosphate-buffered saline with
0.2 g/L EDTA) when the cells reached 80% confluence.

High-density micromass culture

Chondrocytes (passage 3) were resuspended in chondro-
cyte expansion medium and 2 · 105 cells in 50 lL were trans-
ferred to uncoated flat bottom 96-well plates (Costar,
Corning, NY, USA). After adding 150 lL of the different
media formulations (Table 1) to each designated well, the
plate was centrifuged at 350 g for 5 min and incubated for
24 h at 37�C in 7% CO2 and 90% relative humidity to allow
for micromass formation. After 24 h the culture medium
was changed to the defined media formulations (Table 1).
Medium was then changed three times per week for 2
weeks, where after the micromass cultures were snap-frozen
in liquid nitrogen and stored at �80�C.

Isolation of total RNA

Micromass cultures were homogenized in 1.5-mL polypro-
pylene tubes using tungsten beads and a TissueLyser (Quia-
gen, Hilden, Germany). QIAZol (Qiagen) was added to the
tubes and mixed in the TissueLyser. Chloroform was added

(0.2 mL/mL QIAZol) and mixed. Tubes were centrifuged at
16,000 g for 15 min at 4�C. Total RNA was isolated using
the RNeasy mini kit (Qiagen) according to the manufacturers
protocol. DNase I was used to remove contaminating geno-
mic DNA from the isolated RNA (Qiagen).

Quantitative real-time PCR

All software and reagents for the analyses were purchased
from Applied Biosystems (Carlsbad, CA, USA). cDNA was
prepared from 200 ng of total RNA by using the High Capacity
cDNA Reverse Transcription Kit. Quantitative PCR (qPCR)
was performed in duplicates with cDNA corresponding to
2.5 ng of RNA and the TaqMan Universal master mixture
with 1 · assay-on-demand mixes of primers for the genes
(assay numbers in parentheses): COL1A1 (Hs00164004_ml),
COL2A1 (Hs00156568_m1), COL10A1 (Hs00166657_m1),
ACAN (Hs00153936_ml), VCAN (Hs00171642_ml), SOX9
(Hs00165814_m1), and COMP (Hs00164359_m1), with Cyclo-
phillinA (Hs99999904_m1) as the reference gene. PCR was per-
formed using the 7900HT real time PCR system (Life
Technologies). Relative quantification of the target gene ex-
pression was performed according to the standard curve
method calculated by the ddCq method. The experimental
data were fitted to a linearization model in Modde 8.0 (Ume-
trics AB, Umeå, Sweden), and the different patients were
added as replicates.

Experimental design of culture media formulation

Medium formulation screen. The screen included dexa-
methasone (Sigma, St. Louis, MO, USA), TGF-b1 (R&D

Table 1. Factor Concentrations in Screen Design

No. TGF-b1a ASCb ITSc DEXd LINe

1 � � � = +
2 + � � = �
3 � + � = �
4 + + � = +
5 � � + = �
6 + � + = +
7 � + + = +
8 + + + = �
9 � � � + �

10 + � � + +
11 � + � + +
12 + + � + �
13 � � + + +
14 + � + + �
15 � + + + �
16 + + + + +
17 B B B B B
18 B B B B B
19 B B B B B

aTGF-b1: (�), 4 ng/mL; (B), 10 ng/mL; ( + ) 16 ng/mL.
bAscorbic acid (ASC): (�), 2.8 lg/mL; (B), 14 lg/mL; ( + )

25.2 lg/mL.
cInsulin–transferrin–selenium solution (ITS): (�), 0.2 · ; (B), 1 · ;

( + ), 1.8 · .
dDexamethasone (DEX): ( = ), 10 nM; (B), 100 nM; ( + ), 1000 nM.
eHSA:LIN: (�), 0.2 mg/mL:0.4 lg/mL; (B), 1.0 mg/mL:5.0 lg/

mL; ( + ), 1.8 mg/mL:9 lg/mL.
No., number; TGF, transforming growth factor; HSA:LIN, human

serum albumin supplemented with 5.0 lg/mL linoleic acid.
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systems, Minneapolis, MN, USA), human serum albumin
(HSA, Equitech-Bio, Kerrville, TX, USA) supplemented with
5.0 lg/mL linoleic acid (Sigma), insulin–transferrin–selenium
solution (ITS; Invitrogen), and 14 lg/mL L-ascorbic acid 2-
phosphate (Sigma). To design the factorial experiments, the
computer software package Modde 8.0 was used, and the
five factors were set in a fraction factorial 25-1 screening de-
sign, with three center points. Concentrations of the factors
in the 17 formulations factors were set according to Table 1.
The factors were added to DMEM high glucose (PAA Labora-
tories) supplemented with 1· penicillin-streptomycin (PAA
Laboratories). The different media were used to differentiate
human chondrocyte micromass cultures as described above,
and repeated with three patients.

Medium formulation optimization, step 1. The nonsignifi-
cant factors were kept at medium levels (see Table 1, no. 17–
19). For the significant factors dexamethasone, glucose, and
TGF-b1 a full factorial 23 design was made in Modde 8.0.
Media formulations with low glucose levels were made in
DMEM low glucose (PAA laboratories), medium levels in a
1:1 mix of DMEM high glucose and DMEM low glucose,
and high levels in DMEM high glucose (Table 2). The differ-
ent media were used to differentiate human chondrocyte
micromass cultures as described above, and repeated with
three patients.

Medium formulation optimization, step 2. Dexametha-
sone and glucose were added to a full 22 design in Modde
8.0 (Table 2). A 200 g/L glucose solution (Invitrogen) was
used to increase glucose levels above 4.5 g/L in the DMEM
high glucose medium. TGF-b1 was added reaching a concen-
tration of 13 ng/mL in all formulations. The different media
were used to differentiate human chondrocyte micromass
cultures as described above, and repeated with three patients.

Medium comparison

The optimal medium contained DMEM high glucose
supplemented with 0.9 g/L glucose solution, 50 nM dexa-
methasone, 13 ng/mL TGF-b1, 1· ITS, 1.0 mg/mL HSA sup-
plemented with 5.0 lg/mL linoleic acid, 14 lg/mL ascorbic
acid, and 1· penicillin-streptomycin. Human chondrocytes
from five patients (mean age 27.5 years, range 19–42 years)
were cultured for 2 weeks in micromass culture in the opti-
mized formulation or in a control formulation consisting of
DMEM high glucose (4.5 g/L glucose) supplemented with
100 nM dexamethasone, 10 ng/mL TGF-b1, 1· ITS, 1.0 mg/
mL HSA supplemented with 5.0 lg/mL linoleic acid, 14 lg/
mL ascorbic acid, and 1· penicillin-streptomycin. After 14
days in culture the micromasses were harvested and ana-
lyzed with qPCR for gene expression levels as described
above, with biochemical methods for DNA and glycosamino-
glycan content, and stained for histology comparisons.

Biochemical analysis of micromass cultures

On day 14 the cultures were digested with papain (Sigma)
solution (0.3 mg papain/mL, 20 mM sodium phosphate buf-
fer with 1 mM EDTA and 2 mM dithiothreitol) for 2 h at
60�C. The digested cultures were then mechanically dissolved
by vortex and further analyzed for DNA and glycosamino-
glycan (GAG) content. The amount of DNA was measured
with a Hoechst 33258 (Sigma) assay, according to the manu-
facturer’s instructions. GAG was quantified with a dimethyl-
methylene blue assay as previously described.24

Histology of micromass cultures

On day 14 the cultures were fixed in HistofixTM (Histolab
products AB, Gothenburg, Sweden), dehydrated, and embed-
ded in paraffin. Five-micrometer sections were cut and placed
onto Super frost plus microscope slides (Menzel-Gläser,
Braunschweig, Germany), deparaffinized, and stained with
Alcian blue/van Gieson. Slides were examined under the mi-
croscope (Nikon Eclipse 90i, Nikon Corp., Belmont, CA, USA)
and digital pictures were taken with a Nikon DXM1200F dig-
ital camera (Nikon) and the NIS Elements D software (Nikon).

Statistics

Results from the DoE were analyzed in Modde 8.0 with linear
regression and ANOVA. Linear regression models were con-
sidered significant at p < 0.05 and without a significant lack of
fit at p > 0.05. Results from the medium comparison were an-
alyzed with a Wilcoxon paired t-test, with significance levels
p < 0.05 and p < 0.01, as described in picted in Figures 1 and 2.

Results

Medium formulation screen

TGF-b1 and dexamethasone were significant factors for in-
creasing the gene expression of SOX9 and the COLII:COLI
and ACAN:VCAN ratios. TGF-b1 should be set in a range be-
tween 10 and 16 ng/mL. Dexamethasone should be set to the
lower ranges, around 10 nM. Ascorbic acid, ITS, and HSA/
linoleic acid did not affect these ratios significantly and
were not in need of optimization. They were thus excluded
from further optimization. Coefficient plots for the screen
can are shown in Supplementary Figure 1.

Table 2. Factor Concentrations in Optimization

Step 1 Step 2

No. TGF-b1a DEXb GLUc DEXb GLUc

1 B h � = B
2 + h � B B
3 B B � = +
4 + B � B +
5 B h 4 = 4
6 + h 4 B 4
7 B B 4 � B
8 + B 4 � +
9 B = B � 4

10 + = B � 4
11 4 h B � 4
12 4 B B
13 4 = �
14 4 = 4
15 4 = B
16 4 = B
17 4 = B

aTGF-b1: (B), 10 ng/mL; (4), 13 ng/mL; ( + ), 16 ng/mL.
bDEX: (h), 1 nM; ( = ), 10 nM; (�), 50 nM; (B), 100 nM.
cGlucose (GLU): (�), 1 g/L; (B), 2.75 g/L; (4), 4.5 g/L; ( + ),

6.25 g/L.
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Medium optimization, step 1

Glucose was added as a variable and included in the opti-
mization design together with the significant factors TGF-b1
and dexamethasone. To minimize confounding between the

variables, glucose was not included in the screening process
to reduce the number of factors investigated.

Varying TGF-b1 between 10 and 16 ng/mL showed that the
highest ACAN:VCAN ratio was reached at 13 ng/mL (Fig. 3A).
An optimum for dexamethasone was indicated at 10 nM.

FIG. 1. Comparison between human chondrocyte micromasses cultured in the optimized formulation and in the standard
formulation, depicted as mean – standard deviation. (A) There was no significant difference in the amount of DNA in the
micromass cultures from the two media formulations. (B) There was a significantly higher production of glycosaminoglycan
(GAG) per cell for micromasses cultured in the optimized medium (*p < 0.05).

FIG. 2. Comparison between human chondrocyte micro-
masses cultured in the optimized formulation and in the
standard formulation, depicted as mean – standard devia-
tion. There were significant increases in the gene expressions
of (A) the ACAN:VCAN ratio, (B) SOX9, and (C) COMP
(**p < 0.01). There were no differences in gene expression
for (D) the COLII:COLI ratio or (E) COLX.
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Glucose concentration had a strong impact on the ratio, with
higher ratios following higher concentrations ( pA:V = 0.003).

For COLII:COLI, TGF-b1 had less effect at these levels,
showing an increase in concentration would result in a
slightly higher ratio (Fig. 3B). The ratio increased when the
concentration of dexamethasone was decreased. Low glucose
concentrations gave a high ratio ( pCII:CI = 0.003).

SOX9 showed the same response to all three factors as the
ACAN:VCAN ratio (Fig. 3C). The TGF-b1 concentration
showed a peak at 13 ng/mL ( pSOX9 = 0.027).

Due to the peak found for TGF-b1 for ACAN:VCAN and
SOX9 gene expression, this variable was set at the optimal
concentration 13 ng/mL and removed from further analysis.

Medium optimization, step 2

For the ACAN:VCAN ratio an optimal point for the dexa-
methasone concentration was determined at 50 nM. The glu-
cose concentration gave an expression peak for both ratio and
SOX9 expression at 5.4 g/L (Fig. 4A; pA:V = 0.009).

The COLII:COLI ratio increased with a decrease in dexa-
methasone. No optimal concentration was reached, however.
Increasing glucose concentrations gave a decrease in the ratio
(Fig. 4B; pCII:CI = 0.045).

The SOX9 expression was affected similar to the ACAN:V-
CAN ratio, reaching peaks at the same concentrations for
both factors (Fig. 4C; pSOX9 = 0.042).

Biochemical analysis

Culturing human chondrocytes from five patients in the
two respective media showed that the optimized medium
resulted in a 9% nonsignificant ( p = 0.102) increase (average)
in DNA content in these micromass cultures (Fig. 1A).
The optimized medium resulted in a significant ( p = 0.036)
25% increase (average) in the amount of GAG produced per
cell (Fig. 1B).

Gene expression

The optimized formulation resulted in a significant in-
crease in the ACAN:VCAN ratio (mean of all patients
62.1%, p = 0.009), the SOX9 (mean of all patients 41.6%,
p = 0.012) expression, and the COMP expression (mean of all
patients 62.7%, p = 0.007), compared to the classic medium
formulation (Fig. 2A,B,C, respectively). There was no signifi-
cant difference between the two formulations for the COLII:
COLI ( p = 0.321), however, with an indication of increased
ratios for 3/5 of the patients (Fig. 2D), and an increase of

FIG. 3. Response surfaces for optimization step 1. (A) ACAN:VCAN expression ratio as a response to the factors TGF-b1 and
glucose. (B) COLII:COLI expression ratio as a response to the factors TGF-b1 and glucose. (C) SOX9 gene expression as a re-
sponse to the factors TGF-b1 and dexamethasone. ACAN, aggrecan; VCAN, versican; COL, collagen; SOX9, sex determining
region Y-box 9 protein.

FIG. 4. Response surface for optimization step 2. (A) ACAN:VCAN expression ratio as a response to the factors dexameth-
asone and glucose. (B) COLII:COLI expression ratio as a response to the factors dexamethasone and glucose. (C) SOX9 gene
expression as a response to the factors dexamethasone and glucose.
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the mean of all patients of 90%. Collagen X (COLX) followed
the COLII:COLI expression (Fig. 2E; p = 0.800).

Histology

Cross-sectioning of the micromass cultures showed that
the optimized formulation resulted in more intensely and
evenly Alcian blue van Gieson stained ECM, in patients 1
and 3, as compared to the classic formulation (Fig. 5).

Discussion

In this study, we optimized the standard chondrogenic me-
dium through the use of DoE and RSM. Changing concentra-
tions of TGF-b1 ( + 30%), dexamethasone (�50%), and glucose
( + 20%) led to increased expression by the chondrocytes of
genetic markers typical of articular cartilage and an increase
in production of articular cartilage ECM compared to cells
cultured in the standard formulation.

In the screening, three of the factors had little effect on the
investigated gene expressions. L-ascorbic acid is important
for the energy metabolism in growth plate chondrocytes25

and for COLII and COLX expression;25,26 however, not in
a dose–response manner.27 ITS is associated with cell sur-
vival and the sustaining of metabolic activities in chondro-
cytes,28 while HSA/linoleic acid is a source of lipids for
the cells and is needed for proliferation and chondrocyte
clonal growth and as a precursor for vitamins.28,29 Taken
together, the reason why these supplements did not signifi-
cantly affect the system is that they are essential at basal
levels for cell survival and not for the quantity of ECM
production.

The significant factors TGF-b1, dexamethasone, and glu-
cose have known effects on chondrocyte redifferentiation
and anabolic processes, but our results indicated that they
were not used at optimal concentrations in the standard chon-
drogenic formulation. The optimal concentration of TGF-b1
for chondrocyte redifferentiation was 30% above that used
in the standard formulation, and above this concentration a
decrease in the expression of all investigated genes was
seen. This decrease is likely to be a result of feedback signal-
ing known to be present in TGF-b1 receptor and downstream
signaling pathways.30

Our results propose a reduction in dexamethasone concen-
trations of 50%, for an optimal concentration for ACAN:
VCAN ratio and SOX9. Previously, Miyazaki et al.31 showed
inhibition of COLII expression in chondrocytes by dexameth-
asone, and further reduction of dexamethasone could thus
have resulted in significant increase in the COLII:COLI
ratio. This would, however, have made the formulation di-
vert from the optimal concentrations for the ACAN:VCAN
ratio and SOX9 expression.

Glucose is known to have an anabolic effect in cartilage
tissue engineering32,33 and in most research groups a high
glucose concentration is used,7,34,35 but there is no general
consensus.36,37

Optimizing the main factors glucose and dexamethasone
for all three investigated parameters could not be done.
Increasing ACAN:VCAN and SOX9 expressions would lead
to decrease in COLII:COLI expression. To increase this ratio
simultaneously would require addition of other growth fac-
tors or implementation or other culture environments. This,
however, lies outside the scope of this paper. Since SOX9 is
an essential transcription factor for articular cartilage,23 a de-
cision was made to optimize the medium in a second step on
that parameter, along with the ACAN:VCAN ratio. In this
step a peak concentration for glucose was determined. With
this final step in the optimization process, the resulting new
formulation favors the production of noncollagenous ECM
over the collagenous ECM.

With the ability to systematically vary several factors at the
same time, DoE is a powerful tool to affect a specific gene or set
of genes and induce cells to elicit a specific response. Previ-
ously, Pritchett et al.38 showed in a similar way this strength
of DoE through specifically targeting glycosylation of cystatin
C, at the expense productivity in a yeast model. Tissue
engineered constructs can in this way be tailored to fit their
purpose, be it ECM content, cellularity, or mechanical integrity.
In proceeding steps, new growth factors such as bone morpho-
genetic protein-2 or insulin-like growth factor-1 could easily be
implemented in new designs, as well as using the system for
other cell types, such as embryonic stem cells, mesenchymal
stem cells, or even induced pluripotent stem cells.

An issue with ACI is the relatively low amount of starting
material that can be retrieved from one biopsy; further, the

FIG. 5. Representative histological cross sections of micromasses cultured in optimized medium above and standard me-
dium below, stained with Alcian blue van Gieson staining. Scale bars = 500 lm.
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chondrocytes should not be expanded for more than six to
eight population doublings before being initiated to rediffer-
entiate, which limits the defect size that can be treated.39,40

The optimized formulation showed higher biomass yield
per cell, with a significant increase in proteoglycan produc-
tion without an increase in proliferation, and thus a more ef-
ficient use of the chondrocytes.

That the medium formulation determined in this study is
the optimal medium for chondrogenic differentiation
in vitro is a strong statement. There are still unknown factors
affecting the system and the strength of the response of the
cells varied somewhat from patient to patient. Studies includ-
ing mechanical integrity of the constructs and genome-wide
arrays would be the next step in the optimization process,
along with the addition of other growth factors for the optimi-
zation of the COLII:COLI expression. However, we find it re-
markable that improvements of this formulation have not
previously been published. In this article, DoE has shown
to be a useful method for optimization processes. and we be-
lieve that implementing it in these types of biotechnology re-
search projects would help improve efficiency in the field of
tissue engineering and regenerative medicine.
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