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This study determined the effects of exogenous hyaluronic acid (HA) on the biomechanical
and biochemical properties of self-assembled bovine chondrocytes, and investigated biophysi-
cal and genetic mechanisms underlying these effects. The effects of HA commencement time,
concentration, application duration and molecular weight were examined using histology, bio-
mechanics and biochemistry. Additionally, the effects of HA application on sulphated
glycosaminoglycan (GAG) retention were assessed. To investigate the influence of HA on
gene expression, microarray analysis was conducted. HA treatment of developing neocartilage
increased compressive stiffness onefold and increased sulphated GAG content by 35 per cent.
These effects were dependent on HA molecular weight, concentration and application com-
mencement time. Additionally, applying HA increased sulphated GAG retention within
self-assembled neotissue. HA administration also upregulated 503 genes, including multiple
genes associated with TGF-b1 signalling. Increased sulphated GAG retention indicated
that HA could enhance compressive stiffness by increasing the osmotic pressure that nega-
tively charged GAGs create. The gene expression data demonstrate that HA treatment
differentially regulates genes related to TGF-b1 signalling, revealing a potential mechanism
for altering matrix composition. These results illustrate the potential use of HA to improve
cartilage regeneration efforts and better understand cartilage development.

Keywords: tissue engineering; glycosaminoglycan; biomechanics; gene expression
1. INTRODUCTION

Articular cartilage lines the articulating surface of
bones and provides a low-friction, load-bearing surface.
Developing an effective in vitro method for cartilage
formation could provide a platform technology for inves-
tigating novel regeneration strategies, studying cartilage
pathogenesis and examining cartilage development.
However, numerous problems, including chondrocyte
de-differentiation [1] and difficulty in reproducing the
cartilage matrix [2–5] have hindered the development
of effective in vitro cartilage growth models.

Recent efforts have focused on developing in vitro
neocartilage that recapitulates the biochemical com-
position and biomechanical properties of native tissue.
The primary matrix constituents of cartilage are
glycosaminoglycans (GAGs) and collagen, which
confer tensile and compressive integrity to the tissue.
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Aggrecan, the major proteoglycan of cartilage, binds
negatively charged GAGs and subsequently increases
the fixed charge density of the tissue, increasing resist-
ance to compressive loading [6]. Collagen contributes
primarily to tensile mechanics; both the amount and
organization of collagen in articular cartilage correlate
with tensile properties [7,8]. Because the extracellular
matrix (ECM) contributes extensively to cartilage bio-
mechanics, modulating the composition, organization
and interactions between matrix molecules is a central
goal of in vitro cartilage development.

Our laboratory has pioneered a novel self-assembly
approach for scaffoldless cartilage formation [9,10]
based on high-density chondrocyte culture. Self-assembly
avoids many of the problems associated with biomaterial
scaffolds such as decreased retention of phenotype [1],
limited cell–cell communication [11,12] and potential
toxicity of degradation byproducts [13]. Self-assembly
also mimics cartilage development [14], providing a plat-
form for investigating in vitro cartilage formation.
This journal is q 2012 The Royal Society
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Surprisingly, a recent study showed that self-assembled
constructs lacked hyaluronic acid (HA) [14], a high mol-
ecular weight polysaccharide present in the ECM that
acts a scaffold for proteoglycans [15], suggesting that it
may be necessary to exogenously add HA to reproduce
native cartilage formation.

HA interacts with chondrocytes primarily via the
CD44 receptor. CD44 has been shown to play a wide var-
iety of roles, including pericellular matrix assembly [16],
intracellular signalling [17] and matrix remodelling [18].
Although the potential developmental role of the CD44
receptor has not been elucidated, CD44 expression has
been shown to increase during chondrogenic condensation
[19]. The mechanisms underlying CD44 signalling in chon-
drocytes are not well-understood and may be the result of
co-receptor activity. For instance, CD44 has been shown
to interact with tyrosine kinase receptors [20], TGF-b1
receptors [21] and c-Src kinase receptors [22]. Additionally,
the size of HA influences CD44 signalling, potentially due
to receptor clustering [23]. To understand the interaction
between chondrocytes and HA, these complex signalling
pathways need to be considered.

HA is a major component of embryonic mesenchymal
tissue and has been shown to promote chondrogenesis.
HA levels appear to be higher during cell development
and migration, but lower after chondrogenic differen-
tiation [24]. Additionally, low HA concentrations inhibit
cartilage formation in chick limb buds [25]. These results
have been supported by in vitro studies demonstrating
that HA mediates important events in morphogenesis,
including cell movement and proliferation [26]. HA has
also been shown to promote chondrodifferentiation. For
instance, supplementing media with HA has been demon-
strated to increase collagen II and GAG production in
mesenchymal stem cells [27]. The contribution of HA
to cartilage development suggests that HA could be a
powerful agent for promoting in vitro chondrogenesis.

Applying HA to chondrocyte cultures has been
shown to increase biosynthesis in various experimental
models. For instance, HA application to monolayer cul-
tures has been observed to increase proteoglycan
synthesis in equine articular cartilage [28], rabbit chon-
drocytes [29,30] and bovine articular cartilage [31].
Furthermore, exogenous HA administration has been
shown to promote the expression of adhesion-related
molecules, such as integrin receptors, paxillin, focal
adhesion kinase and mitogen-activated protein kinase,
suggesting that HA application could modulate chon-
drocyte–matrix interactions [32]. These studies show
that HA has a significant signalling role that could
influence the functional properties of neotissue, but
there have not yet been studies on how exogenous HA
treatment influences biomechanical properties.

In this paper, we present a series of studies evaluat-
ing the effects of exogenous HA application on the de
novo formation of self-assembled articular cartilage
and potential mechanisms underlying these effects,
which have implications for both developmental biology
and regenerative medicine. The influence of HA appli-
cation time, concentration and molecular weight on
the biochemical and biomechanical properties of neo-
cartilage were investigated. Our hypotheses were that
exogenous HA treatment would (i) increase sulphated
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GAG content, (ii) enhance compressive stiffness,
(iii) differentially regulate functionally relevant genetic
pathways, and (iv) increase GAG retention. To interro-
gate these hypotheses, HA was administered to
neotissue in three sequential phases to examine the effects
of HA commencement time (phase I), HA concentration
and duration (phase II) and HA molecular weight
(phase III). The most promising treatment from each
phase, based on biomechanical and biochemical
properties, was carried forward to the subsequent phase.
2. MATERIAL AND METHODS

2.1. Chondrocyte isolation and culture

Bovine chondrocytes were isolated and cultured as
described previously [10]. Chondrocytes were isolated
from the immature bovine patellofemoral surface, and
then digested in 0.2 per cent type II collagenase
(Worthington)with 3 per centFBS for 18 h.Chondrocytes
were frozen at 2808C for 24 h, and then transferred to
liquid nitrogen for long-term storage. To form constructs,
chondrocytes were thawed and seeded in 5 mm cylindrical
agarose moulds at a density of 5.5 million chondrocytes in
100 ml of chondrogenic media. Chondrocytes were
resuspended in media supplemented with HA prior to
construct formation for groups receiving HA at seeding.
After 4 h, 400 ml of media was added and 500 ml of
media was changed for subsequent days. Chondrogenic
media was formulated by supplementing Dulbecco’s
modified eagle medium (DMEM) with 4.5 mg ml–1

glucose and L-glutamine (Biowhittaker), 100 nM dexa-
methasone (Sigma), 1% PSF (Lonza), 1% ITSþ (BD
Scientific), 50 mg ml–1 ascorbate-2-phosphate, 40 mg
ml–1

L-proline and 100 mg ml–1 sodium pyruvate
(Sigma). HA was applied in three sequential phases:
phase I (effects of HA commencement time), phase II
(effects of HA concentration and duration), and phase
III (effects of HA molecular weight). For HA treatment
in phases I and II, HA with an average molecular mass
of 1.6 � 106 Da (Sigma 53 747) was dissolved in chondro-
genic media [10] at a concentration of 1 mg ml–1 by
stirring at 48C for 48 h and applied daily during construct
feeding. For phase III, HA polymers with average molecu-
lar masses of 5.1 � 103, 1.2 � 104, 3.1 � 104, 1.7 � 106

and 2.7 � 106 Da (Lifecore Biosciences) were employed.
Both Sigma and Lifecore HA were derived from bacteria.

2.2. Construct processing

All experiments except for gene expression analyses
were four weeks in duration. At four weeks, samples
were prepared for histology, quantitative biochemistry
and mechanical testing. A 3 mm diameter punch was
removed from the construct’s centre for creep indenta-
tion testing. The outer region was divided to create
samples for biochemical assays and tensile testing.

2.3. Histology and immunohistochemistry

At four weeks, samples were cryoembedded and frozen
at 2208C for at least 24 h prior to cryosectioning at
14 mm. Some of these sections were fixed in formalin
and stained with Safranin-O/fast green and Picrosirius
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Red to show GAG and collagen distributions, respect-
ively. Other sections were fixed in 48C acetone and
processed for collagen II as described previously [33]
or for HA IHC. Peroxidase activity was quenched,
and each sample was blocked with goat serum for col-
lagen type II or rabbit serum for HA (Vectastain
ABC kit). Sections were then incubated for 1 h with
rabbit anti-collagen II (Cedar Lane, CL50211AP)
or sheep anti-HA (Abcam, ab53842). Antibodies
were diluted in the ratio 1 : 100 and 1 : 300 for HA
and collagen II, respectively. Secondary antibodies
(Vectastain ABC kit) were applied for 30 min followed
by incubation with the Vectastain ABC reagent and
5 min of 30,30-diaminobenzidine (DAB) staining.

2.4. Quantitative biochemistry

Samples were frozen at 2208C for at least 24 h, and
then lyophilized for 48 h to obtain dry weights. Sub-
sequently, each sample was digested using pepsin and
elastase as described previously [33]. Sulphated GAG
content was assayed using the Blyscan Glycosaminogly-
can Assay kit (Accurate Chemical and Scientific
Corporation). Total collagen content was determined
using a chloramine-T hydroxyproline assay [34]. To
assess sulphated GAG retention, constructs were incu-
bated in PBS at 378C and removed at 1, 2, 4, 6 or 8 h
and then assayed for GAG content. All collagen and
GAG contents were expressed as percentages of tissue
wet weight.

2.5. Creep indentation testing

The aggregate modulus of each sample was determined
using a creep indentation apparatus [35]. A tare load of
0.2 g followed by a test load of 0.7 g was applied via a
0.8 mm porous indentation tip. Material properties
were determined using a semi-analytical, semi-numeric
biphasic model [36,37].

2.6. Tensile testing

Samples were cut into dog-bone shapes and glued to
paper tabs for gripping [38]. Prior to positioning the
samples on the paper, pictures were taken and then ana-
lysed using IMAGEJ to determine the width and gauge
length. A micrometer was used to determine sample
thicknesses. Tensile tests were conducted at a strain
rate of 1 per cent of the gauge length per second on a
materials testing system (Instron Model 5565). Young’s
modulus was calculated as the slope of the linear region
of the stress–strain curve; the maximum stress was
reported as ultimate tensile strength (UTS).

2.7. RNA isolation and microarray hybridization

For gene expression experiments, neocartilage was trea-
ted with 1 mg ml–1, 1.6 � 106 Da HA beginning at
seeding. Gene expression was analysed at 4 days based
on prior data showing elevated levels of surface recep-
tors on day 4 [14]. RNA was isolated at 4 days (n ¼ 3)
for control constructs and HA-treated constructs (4 h
following the application of HA) using a Qiagen
RNeasy Lipid Tissue Mini Kit. To assess RNA purity
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and concentration, RNA was analysed using a nano-
drop. An Agilent bioanalyser was employed to assess
the quality of the RNA. Bovine microarrays were
acquired from Agilent. 400 ng of total RNA were pro-
cessed according to Agilent’s one colour gene
expression protocol. The arrays were scanned on Agi-
lent’s high-resolution C scanner and analysed using
Agilent’s FEATURE EXTRACTION SOFTWARE v. 10.5.

2.8. Microarray data analysis

Current annotations for the microarray probes were
obtained from Agilent technologies (https://earray.
chem.agilent.com/earray). The Entrez Gene IDs from
the Agilent annotation were cross-referenced with
HomoloGene build 65 (ftp://ftp.ncbi.nih.gov/pub/
HomoloGene/build65/) to find the gene names for the
corresponding human orthologues. Changes in gene
expression were assessed between control and HA treat-
ment based on the normalized intensities of each gene.
Based on n ¼ 3 arrays for each treatment, the Benja-
mini–Hochberg p-value correction was used to
generate adjusted p-values. Genes with adjusted
values of p , 0.01 were considered to be differentially
expressed. Differentially expressed genes were entered
into the Database for Annotation, Visualization and
Integrated Discovery to determine enriched Kyoto
Encyclopedia of Genes and Genomes pathways [39].
Enriched pathways were defined as p , 0.005 and a
minimal five genes appearing among the differentially
expressed genes.

2.9. Real-time PCR

Primers for GAPDH, COL2 and COL1 were syn-
thesized as described previously [40]; other primers,
including c-Myc (cat. no. Bt03229599_m1), E2F4
(cat. no. Bt03247677_g1) and protein phosphatase
(cat. no. Bt03229328_m1) were purchased from Invitro-
gen. Reverse transcription was performed by incubating
500 ng of RNA with SuperScript III (Invitrogen) as rec-
ommended by the manufacturer. Real-time PCR was
done with a Rotor-gene 3000 real-time PCR machine
(Corbett Research). SYBR Green mastermix was used
with primers at a concentration of 1 mM. A 10 min
denaturing step was employed, followed by 45 cycles
of 958C (15 s) and 608C (60 s). The threshold cycle
(CT) for each gene of interest (GOI) was compared
with the housekeeping gene GAPDH. Relative gene
expressions were computed as 2-DDCT, where DDCT ¼

(CT,GOI– CT,GAPDH)HA– (CT,GOI – CT,GAPDH)control.

2.10. Statistical analysis

Biochemistry and biomechanics samples (n ¼ 6) were
analysed using a one-factor ANOVA in phases I and
III. For assessing phase II and sulphated GAG reten-
tion, a two-factor ANOVA was employed. When
warranted, Tukey’s post hoc testing was performed to
determine statistically significant differences. All micro-
array and PCR analysis was conducted as described
earlier based on n ¼ 3. Significance was defined
as p , 0.05. All data are presented as means+
standard deviation.

https://earray.chem.agilent.com/earray
https://earray.chem.agilent.com/earray
https://earray.chem.agilent.com/earray
ftp://ftp.ncbi.nih.gov/pub/HomoloGene/build65/
ftp://ftp.ncbi.nih.gov/pub/HomoloGene/build65/
ftp://ftp.ncbi.nih.gov/pub/HomoloGene/build65/
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Figure 1. Photomicrographs of histology staining for glycosaminoglycans (GAGs), collagen and immunohistochemistry for col-
lagen II and hyaluronic acid (HA). Sections were prepared after four weeks of culture. All images are shown at 10�
magnification. Scale bar, 200mm.
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3. RESULTS

3.1. Hyaluronic acid-treated neotissue resembles
native cartilage phenotype

In all experiments in this paper (except gene expression
analysis), self-assembled neocartilage was cultured for
four weeks. The diameter of HA-treated constructs
was not statistically different from the control value of
5.8+ 0.2 mm. Wet weight was statistically greater for
HA treatment, with values of 14+ 2 and 20+ 1 mg
for control and HA-treated groups, respectively. Histo-
logical analysis (figure 1) showed that neocartilage
produced collagen and GAG uniformly. Immunohisto-
chemistry indicated that both control and treated
samples stained positive for collagen II, while only
HA-treated constructs stained positive for HA.
Additionally, HA-treated neotissue produced matrix
with a uniform distribution of GAGs, total collagen,
collagen II and HA.
3.2. Hyaluronic acid increases sulphated
glycosaminoglycan content and
compressive stiffness when applied
at seeding

In phase I, the effects of application commencement time
were studied. Neotissue was treated with 1 mg ml–1 HA
at seeding (day 0) or at day 4, with subsequent continual
HA exposure through media changes. To assess the
effects of HA application on biochemical composition,
collagen and sulphated GAG were quantified. Treated
neotissue did not exhibit statistically different collagen
contents normalized to neocartilage wet weight (col/
ww) from the control value of 9.5+1.8% (mg mg–1).
However, sulphated GAG/ww was statistically higher
for the day 0 group, which had a sulphated GAG/ww
of 8.5+1.1% (mg mg–1) when compared with the
control value of 6.5+0.7% (mg mg–1) at four weeks
(figure 2a). The effects of HA on construct biomechanical
properties were quantified by measuring Young’s mod-
ulus (EY), UTS and aggregate modulus (a measure of
compressive stiffness). For tensile properties, no group
was statistically different from the control group, which
had a UTS of 370+ 124 kPa and EY of 641+296 kPa.
The aggregate modulus was statistically higher for con-
structs treated with HA: the group treated at seeding
J. R. Soc. Interface (2012)
reached 181+40 kPa while the control group was 65+
26 kPa (figure 2b).

3.3. Intermediate hyaluronic acid concentration
enhances compressive stiffness

In phase II, we carried forward the application of HA at
seeding and then performed a full-factorial examination
of the treatment duration (weeks 1–2 and weeks 1–4)
and HA concentration (0.1, 1 and 5 mg ml–1). Neocar-
tilage was again cultured for a total of four weeks.
Constructs treated with 5 mg ml–1 HA did not self-
assemble. Sulphated GAG results (figure 2c) showed
differences only for the 1 mg ml–1 group; no statistical
differences were observed for the 0.1 mg ml–1 groups.
HA application duration did not significantly change
the sulphated GAG content. For the 1 mg ml–1 HA
treatment, sulphated GAG content reached 8.3+
0.7% (mg mg–1), which was 38 per cent greater than
the control value. Collagen contents for treated
groups were not statistically different than the control
value of 8.9+ 0.4% (mg mg–1). Biomechanical proper-
ties of neotissue treated with 1 mg ml–1 paralleled
phase I results. Treating with HA at 1 mg ml–1

increased the aggregate modulus by approximately 40
per cent (figure 2d); however, the 0.1 mg ml–1 group
did not exhibit statistically higher compressive stiffness.
Additionally, the HA application duration did not sig-
nificantly alter the compressive stiffness. Neither the
0.1 mg ml–1 group nor the 1 mg ml–1 group had tensile
properties that statistically differed from control values
of 748+ 78 and 362+ 94 kPa for the EY and UTS,
respectively. Thus, the effects of HA treatment
depended on concentration, but did not depend on
whether application duration was two weeks or four
weeks. Based on these results, two-week HA treatment
was carried forward to phase III.

3.4. Hyaluronic acid molecular weight
influences biomechanical and
biochemical properties

To examine the influence of HA size, we assessed
the effects of five different molecular masses applied
during the first two weeks of a four-week culture:
5.1 � 103, 1.2 � 104, 3.1 � 104, 1.7 � 106 and 2.7 �
106 Da, all at concentrations of 1 mg ml–1. Treatment
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Figure 2. Biomechanical and biochemical properties. Phase I: (a) day 0 HA application significantly increased the aggregate mod-
ulus. (b) Application of HA at day 0 resulted in a significantly higher GAG content. Phase II: (c) 1 mg ml–1 HA administration
enhanced compressive stiffness compared with 0.1 mg ml–1 (grey bars) and control (white bars), whereas 5 mg ml–1 HA treat-
ment disrupted construct formation and precluded neocartilage culture. (d) Application duration did not have a significant
effect on GAG content, though HA application at 1 mg ml–1 (black bars) significantly increased GAG content. Phase III: (e)
high molecular weight HA also enhanced the aggregate moduli of constructs. ( f ) HA with higher molecule weights (1.7 �
106 Da and 2.7 � 106 Da) resulted in higher GAG content. Data are presented as means with standard deviation error bars,
n ¼ 6 per bar. Distinct letters above the bars indicate significant differences ( p , 0.05). For parts (c,d), the asterisk denotes
statistical significance.
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commenced at seeding and was continuous for the first
two weeks of culture based on phase II results. Con-
structs were assessed after four weeks of culture.
Neocartilage had statistically higher sulphated GAG
content (figure 2e) when treated with 1.7 or 2.7 �
106 Da HA. Both the 1.7 � 106 and 2.7 � 106 groups
showed increased compressive stiffness with values of
163+ 26 and 136+ 30 kPa, respectively (figure 2f ).
Hence, only higher molecular mass HA (1.7 or 2.7 �
106 Da HA) had the ability to enhance the biochemical
and biomechanical properties of neocartilage.
3.5. Hyaluronic acid promotes sulphated
glycosaminoglycan retention

After four weeks of culture, sulphated GAG retention
was assessed by incubating control and HA-treated con-
structs in PBS for 1, 2, 4, 6 or 8 h and quantifying the
sulphated GAG content of each construct (figure 3).
HA-treated neotissue had 1.6 � 106 Da HA applied at
1 mg ml–1 from seeding for the first two weeks of
J. R. Soc. Interface (2012)
culture. Analysis of sulphated GAG using a two-way
ANOVA showed that both HA administration and
duration exhibited statistical differences. Duration
statistically altered sulphated GAG content, with incu-
bation times of greater than 2 h resulting in decreased
GAG content. By 8 h, sulphated GAG content for con-
trol constructs had decreased to 3.7 per cent of the
initial amount. For instance, after 8 h of incubation in
PBS total sulphated GAG content of HA-treated
neocartilage was three times higher than that
of the control (0.15+ 0.10 and 0.05+ 0.03 mg per
construct, respectively).
3.6. Neocartilage properties are on par with
native tissue

To quantitatively compare the properties of neocarti-
lage to native tissue, we employed a functionality
index (FI) by giving equal weight to the sulphated
GAG content (G), collagen content (C), compressive
stiffness (EC) and tensile stiffness (ET) (see equation
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Table 1. Differentially expressed genes of enriched pathways.
HA treatment enriched only pathways relating to TGF-b
signalling and ECM–receptor interactions. Fold changes
represent the gene expression of neotissue at 4 days
treated with HA (1 mg ml–1, 1.6 � 106 Da HA) relative to
control values.

gene fold change regulation

TGF-b pathway targets
activin 6.82 up
inhibitor of DNA binding 1 8.57 down
inhibitor of DNA binding 2 4.67 up
c-Myc transcription factor 5.34 up
E2F4 transcription factor 4.78 up
protein phosphatase 3.47 up
thrombospondin 1a 4.92 up
thrombospondin 2a 8.22 up
thrombospondin 3a 4.26 up
thrombospondin 4a 6.82 up

ECM–receptor pathway targets
chondroadherin 13.42 up
collagen, type I, a1 4.92 down
collagen, type II, a1 4.47 up
collagen, type III, a1 3.42 up
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Figure 4. PCR results for neocartilage treated with 1 mg ml–1

HA. All reported values are gene expression values of HA
neocartilage normalized to control expression levels computed
using the 2-DDCT method. Data are presented as means with
standard deviation error bars, n ¼ 3 per bar.
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(3.1)). The subscripts ‘nat’ and ‘sac’ denote native and
self-assembled construct values, respectively.

FI ¼ 1
4

�
1� ðGnat �GsacÞ

Gnat

� �
þ 1� ðCnat � CsacÞ
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C
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� ��
:

ð3:1Þ

The FI is structured such that a score of 1 represents
a construct with properties equivalent to those of native
immature bovine cartilage. Treating with 1 mg ml–1,
1.6 � 106 Da HA beginning at seeding for a total of
two weeks resulted in an FI of 0.85, producing a con-
siderable improvement over the control FI of 0.56.
collagen, type XI, a2 5.01 up
integrin-a7 4.07 up
syndecan 4 5.52 up

aTargets that were differentially expressed in both the
TGF-b signalling and ECM–receptor interactions pathways.
3.7. Microarray and PCR analyses show that
hyaluronic acid enriches functional
gene pathways

To investigate possible genetic mechanisms underlying
the changes in functional properties, microarray analy-
sis comparing the gene expression profiles of control
constructs and HA-treated constructs was performed.
Results showed that HA application differentially regu-
lated 794 genes: 503 genes were upregulated and 291
genes were downregulated. HA treatment downregu-
lated collagen I expression and upregulated several
genes relating to chondrocyte phenotype [41], including
collagen II, collagen XI and chondroadherin. HA
synthases were not differentially regulated, exhibiting
fold changes of 1.27 ( p ¼ 0.73), 1.08 ( p ¼ 0.45), 1.15
( p ¼ 0.83) for HAS1, HAS2 and HAS3, respectively.
Additionally, CD44 was not differentially expressed
due to HA administration (1.21, p ¼ 0.71). As summar-
ized in table 1, differentially expressed genes only
enriched pathways relating to TGF-b1 signalling (nine
J. R. Soc. Interface (2012)
genes, p ¼ 0.003) and ECM–receptor interactions (11
genes, p ¼ 0.0001).

Quantitative real-time PCR was used to validate
microarray results. Gene expression values for collagen
II, collagen I, c-Myc, E2F4 and protein phosphatase
were quantified (figure 4). HA treatment increased
the expression of collagen II, c-Myc, E2F4 and protein
phosphatase and downregulated collagen I expression.
These results paralleled the fold changes observed
with microarray results.
4. DISCUSSION

This study has shown that exogenous HA application
improves the biochemical and biomechanical properties
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of neocartilage and also enriches pathways relating to
TGF-b1 signalling and ECM–receptor signalling.
Through several phases, an HA administration regimen
was identified that enhances the biochemical and bio-
mechanical properties of developing neocartilage.
Subsequent study revealed potential mechanisms to
explain the observed results. The experiments of this
study confirmed the hypotheses that exogenous HA
treatment (i) increases sulphated GAG content, (ii)
enhances compressive stiffness, (iii) differentially regu-
lates functionally relevant genetic pathways, and (iv)
increases sulphated GAG retention. This is the first
study to show that HA can be applied exogenously to
improve the biochemical and biomechanical properties
of tissue engineered cartilage. This work also demon-
strates potential biophysical and genetic mechanisms
that could produce these enhancements.

Diffusion limitations could be underlying the observed
dependence on commencement time but not application
duration. Other studies have documented increased diffu-
sion limitations during cartilage construct culture. For
instance, 3 � 103 Da dextran showed decreased diffusion
as constructs were cultured; the authors attributed this
reduced diffusion to increased matrix deposition [42].
Time-dependent diffusion limitations could decrease
HA penetration at later time points and explain why
HA application at seeding had a larger effect than
when it was applied at day 4. The lack of dependence
on application duration implies that the HA effects are
maximized at the earlier stages of self-assembly, which
could be a result of diffusion limitations present at later
stages of culture. Previous diffusion studies [42,43] and
the effects observed in this study suggest that HA must
be applied in the early stages of neocartilage formation
to enhance construct properties.

This study also showed that higher molecular weight
HA can increase compressive stiffness by 75 per cent
and increase sulphated GAG content by 30 per cent,
which builds upon other studies that have shown the
importance of HA molecular weight. In general, larger
molecular weight HA is considered to be chondro-
inductive [44], whereas smaller fragments, such as HA
hexamers, are generally associated with inflammatory
events and disruption of pericellular matrix formation
[16]. HA molecular weight could influence signalling
because HA size alters how many CD44 receptors it
can bind, which in turn changes the signalling events
related to CD44 receptor clustering [23]. These results
suggest that HA molecular weight has a profound
impact on its biological function, and imply that
modulating chain length may be a powerful tool
for altering the effects of HA applied in vitro. In par-
ticular, this study suggests that only higher molecular
weight HA increases the sulphated GAG content and
compressive stiffness of self-assembled neocartilage.

It is important to distinguish endogenous and exogen-
ous HA deposition, which has been shown to influence
biomechanical properties [45]. The absence of HA
observed in this study for control constructs (figure 1)
and in published work using self-assembled neocartilage
[14] indicates a lack of endogenous HA production.
Additionally, microarray data demonstrate that HA
synthases were not differentially expressed following
J. R. Soc. Interface (2012)
HA treatment, suggesting that the HA present in treat-
ment groups was not endogenously produced. Based on
the presence of HA in the treated groups and the lack
of upregulated HA synthases, it appears that the
observed HA is exogenous. However, post-translation
modification of HA synthases [46] could also alter HA
deposition and merits further investigation.

Results regarding the retention of sulphated GAGs
suggest that the effects of HA are also mediated by a
biophysical mechanism. Because negatively charged
GAGs create a large fixed charge density in the
matrix, enhanced sulphated GAG retention could
increase osmotic pressure and subsequently increase
resistance to compressive loading [15]. Thus, increasing
GAG retention could increase the osmotic pressure of
neocartilage and subsequently enhance its compressive
properties. Exogenous HA has been shown to suppress
proteoglycan release from chondrocyte cultures [47,48]
and reduce in vivo GAG release from canine joints
[49]. Interactions between HA and other matrix mol-
ecules increase the viscosity of the matrix [50], which
could decrease GAG release. Because increased GAG
retention could increase compressive stiffness, this pre-
sents an exciting potential biophysical mechanism
underlying the enhanced mechanical properties.

In addition to biophysical effects, microarray and
PCR results suggest that HA application has a molecular
signalling role. The ECM–receptor pathway included the
upregulation of several collagen molecules (collagen II, III
and XI) and surface receptors (syndecan-4 and integrin-
a7), suggesting that HA could modulate chondrocyte
interactions with the surrounding ECM. Because HA
upregulated chondrogenic genes, such as collagen II and
downregulated collagen I, it could be a potent chondro-
genic agent for cartilage formation. Furthermore, the
observed upregulation of chondroadherin, which
increases extracellular signal-regulated kinase signalling
[51], could create secondary signalling effects. Increased
expression of syndecan-4, which binds to TGF-b1 via
its heparan sulphate chains [52], also suggests that
TGF-b1 and HA could potentially be applied simul-
taneously to produce synergistic effects. These findings
illustrate that HA administration increased the
expression of key surface molecules such as syndecan-4
and integrin-a7 and matrix constituents, including col-
lagen II and collagen XI, which collectively could
influence chondrocyte–matrix interactions.

In addition to the differential expression of matrix
molecules, the TGF-b1 signalling pathway was also dif-
ferentially regulated. TGF-b1 signalling is mediated by
Smads, which are intracellular signalling proteins that
transduce TGF-b1 signals to the nucleus. HA treatment
upregulated the expression of transcription factors,
including c-Myc and E2F4, both of which have been
shown to be highly expressed during cartilage develop-
ment [53,54]. Although there is not a well-established
mechanism regarding CD44 signalling in chondrocytes
[55], data from this study indicate that HA may primar-
ily signal using the TGF-b1 pathway in self-assembled
neocartilage (figure 5). This supports previous work
showing that HA activates the TGF-b1 receptor and
subsequently induces Smad protein phosphorylation
[21]. Based on our previous investigations of direct
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Figure 5. Potential HA signalling pathway mediated by CD44
and TGF-b1 receptors. Microarray and PCR analysis showed
that several TGF-b1 intermediates, including the transcrip-
tion factors c-Myc and E2F4, are upregulated following HA
treatment. HA-induced signalling may be mediated by HA
binding to CD44, which is known to bind to and activate
the TGF-b1 receptor. (Online version in colour.)
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TGF-b1 treatment [56,57], signalling via the TGF-b1
pathway could upregulate matrix synthesis, and thus
improve biochemical and biomechanical properties.

The observed changes in gene expression could be
mediated by the surface receptor CD44, which has
been shown to bind the cytoplasmic domain of the
TGF-b1 receptor and influence signalling [21]. How-
ever, conflicting results exist that show CD44 as a
positive [21] and negative [58] regulator of the TGF-
b1 signalling pathway. Interestingly, while anti-CD44
antibodies completely inhibit HA binding to chondro-
cytes, HA-mediated gene expression is not completely
blocked [59]. This result shows that factors in addition
to CD44 signalling play a role in HA-induced gene
expression changes. Because these studies were con-
ducted using other cell types, further work will be
required to elucidate CD44 signalling in chondrocytes.
Signalling via TGF-b1 intermediates could supplement
the biophysical effects to enhance the functional proper-
ties of cartilage neotissue.

In summary, this study has shown that exogenous
HA could act via both biophysical and genetic mechan-
isms to enhance the biomechanical and biochemical
properties of self-assembled neocartilage. Although
exogenous HA application has been studied in mono-
layer chondrocyte culture, this study has been the
first to illustrate how HA can be applied exogenously
to influence functional-relevant genetic pathways, and
also improve biochemical and biomechanical properties
during in vitro cartilage formation. Future studies could
block CD44 to further investigate how HA influences
intracellular signalling, apply HA in conjunction with
other agents such as TGF-b1 to synergistically improve
construct functionality, and probe the biophysical
mechanism of HA-induced GAG retention.

This work was supported by NIH R01 AR053286.
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