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Abstract

Articular cartilage with its inherently poor capacity for self-regeneration represents a primary
target for tissue engineering strategies, with approaches focusing on the in vitro generation of
neo-cartilage using chondrocyte-seeded 3D scaffolds subjected to mechanical conditioning.
Although uniaxial compression regimens have significantly up-regulated proteoglycan
synthesis, their effects on the synthesis of collagen have been modest. Articular cartilage is
subjected to shear forces during joint motion. Accordingly, this study utilised an apparatus to
apply biaxial loading to chondrocytes seeded within agarose constructs with endplates. The
chondrocytes yielded a monotonic increase in proteoglycan synthesis both in free swelling
culture up to day 8 and when the constructs were subjected to dynamic compression alone
(15% amplitude at a frequency of 1Hz for 48 hours). However, when dynamic shear (10%
amplitude at 1 Hz) was superimposed on dynamic compression, total collagen synthesis was
also up-regulated, within 3 days of culture, without compromising proteoglycan synthesis.
Histological analysis revealed marked collagen deposition around individual chondrocytes. A
significant proportion (50%) of collagen was released into the culture medium, suggesting
that it had only been partially synthesised in its mature state. The overall biosynthetic activity
was enhanced more when the biaxial stimulation was applied in a continuous mode as
opposed to intermittent loading. Results of the present study strongly suggest that
proteoglycan and collagen synthesis may be triggered by uncoupled mechanosensitive
cellular responses. The proposed in vitro model and the prescribed conditioning protocols
demonstrated that a short pre-culture period is preferable to long free swelling culture
condition as it enables a significantly higher up-regulation of collagen. This article is protected
by copyright. All rights reserved
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Introduction
Articular cartilage is a highly organised connective tissue consisting of chondrocytes
surrounded by an extracellular matrix (ECM) composed of a proteoglycan gel, enclosed
within a complex network of collagen fibres (Bader and Lee, 2000). Its primary role is to
provide a bearing surface that can withstand large loads, permitting low friction movement at
synovial joints over many decades of use. The interaction of both the solid ECM components
critical in providing mechanical competence to support loading experienced during normal
joint activities (Langelier and Buschmann 2003; Mow et al. 1999), which involves a
combination of compressive, shear and tensile loads (Guo et al., 2015; Grodzinsky et al.,
2000; Sawae et al., 2004; Smith et al., 2000; Frank et al., 2000; Lee and Bader, 1997). Since
articular cartilage is avascular it exhibits a very limited capacity to regenerate and to repair
(Hunziker, 1999) and thus changes in the ECM composition can dramatically alter function
can ultimately result in its total degradation (Mauck et al. 2000). Accordingly, a number of
clinical strategies have been established to repair partial thickness cartilage defects, each of
which provides the delivery of metabolically active cells to the defect site. However such
interventions rarely provide long term functional stability, thereby motivating a number of
tissue engineering strategies incorporating chondrocyte-seeded scaffolds for the in vitro
development of neo-cartilage tissues prior to implantation (Buckwalter and Mankin, 1998).
Although several studies have reported the temporal development of neo-cartilagenous tissue,
which resemble the morphological and biochemical appearance of the native cartilage,
although its functional competence has not been demonstrated (Schöne et al., 2016;
Johnstone et al., 2013; Ng et al., 2009; Freyria et al. 2005; Joen et al. 2013).
Mechanical conditioning has often been introduced to enhance biosynthetic activity of
chondrocytes within 3D constructs. These studies, involving animal models (Helminen et al.,
1992 Kurz et al., 2001), tissue explants (Burton-Wurster et al., 1993) and cell culture models
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(Chowdhury et al., 2008; Knight et al., 2006; Lee & Bader, 1997), have each demonstrated
that mechanical stimuli influence chondrocyte metabolism and consequently the temporal
evolution of neo-cartilage structure and composition. Typically, the in vitro studies employed
uniaxial compression to modulate chondrocytes, either in monolayer or 3D constructs
(Chowdhury et al., 2008; Lee and Bader, 1997; Mauck et al., 2000; Kisiday et al., 2004;
Davisson et al., 2002), and reported an up-regulation of proteoglycans with minimal
associated collagen. A few reports have suggested that the superposition of direct tissue shear
on uniaxial compression (Wimmer et al., 2009; Guo et al., 2015) can enhance the temporal
production of collagen in culture. In addition, the application of intermittent cyclic shear has
been reported (Jin et al., 2001; Waldman et al., 2003) to produce matrix deformation that
leads to a significant change in both the composition and mechanical properties of neocartilage formed in vitro. However, the nature of the application of shear stress varies
considerably (Frank et al., 2000; Bian et al., 2010). In a recent paper the authors described a
system which can apply well-defined biaxial loading to chondrocyte-agarose constructs (Di
Federico et al., 2014). It highlighted the novel design of constructs with endplates which
could withstand the application of long-term biaxial loading.
The study tests the hypothesis that the imposition of shear superimposed on direct
compression could influence the synthesis of both solid ECM constituents, using a model of
isolated chondrocytes seeded in agarose constructs (Ofek et al., 2010; Gooch et al., 2001).
Initially a free-swelling study was conducted to determine the suitability of the proposed
culture model. Subsequently constructs were subjected to both continuous or intermittent
loading regimens. Cell metabolism was investigated at various times in culture by the
quantitative evaluation of the newly synthesised GAG and collagen, both retained within the
construct and released into the culture medium. The histological appearance of the
chondrocyte pericellular matrix (PCM) and its temporal evolution was also evaluated.
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Materials and Methods
Sample preparation
The agarose-chondrocyte constructs were prepared using a series of established procedures
(Lee and Bader, 1997). To review briefly, the metacarpophalangeal joints of the front feet of
18-month-old steers were opened aseptically, within 3 hours of slaughter at a local abattoir.
Full-depth slices of cartilage were removed from the proximal surface and slices from at least
five separate joints were pooled for each experiment. The slices were finely diced and
incubated at 37°C for 1 hour in 10 ml of DMEM supplemented with 16.1% foetal calf serum
(FCS) plus 34 U/ml pronase (Sigma-Aldrich, Poole, England). The supernatant was removed
and replaced with 30 ml of DMEM + 16.1% FCS plus 100 U/ml of collagenase type IA
(Sigma-Aldrich, Poole, England) and incubated at 37°C for 16 hours. The supernatants
containing released chondrocytes were passed through a sieve with a pore size of 70 µm
(Falcon, Oxford, England) to remove undigested tissue, washed twice in DMEM + 16.1%
FCS, and resuspended at a concentration of 8 x 106 cells/ml. The chondrocyte suspension was
added to an equal volume of 6% agarose (type VII; Sigma-Aldrich, Poole, UK) in Earle's
balanced salt solution (EBSS, Sigma-Aldrich, Poole, UK) to obtain a final concentration of 4
x 106 cells/ml in 3%w/v agarose. Cell viability was determined using the trypan-blue
exclusion test.
The agarose-chondrocyte suspension was poured in two different custom-made moulds to
obtain both cylindrical constructs (Ø5 mm x 5 mm) and constructs provided with nylon
endplates (Di Federico et al., 2014) and allowed to gel at 4°C for 20 minutes (Fig. 1c). A
total of 8 experiments were performed for the free swelling study, while the continuous and
intermittent mechanical loading involved 5 and 3 experiments, respectively.
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Free Swelling study
Chondrocyte-seeded agarose cylindrical constructs and constructs with endplates were
individually inserted in 24-well culture plates (Corning Costar, Sigma-Aldrich, Poole, UK)
and pre-cultured in 1 mL of DMEM supplemented with 16.1% foetal calf serum at 37°C/5%
CO2

(Heywood et al., 2004) for approximately 16 hours. Representative samples and

corresponding culture medium were removed from culture at the end of this equilibration
period, representing time-zero (T0) for all experiments and these samples were stored at -20
˚C prior to subsequent analysis, performed 2 days after the end of each experiment i.e. 10
days following isolation.
The remaining constructs were conditioned in free-swelling culture (FSC for cylindrical
constructs and FSE for constructs with nylon endplates) in 24 well plates for up to 8 days
with medium changes every other day. At various time intervals chondrocyte viability of
representative constructs was assessed. On days 3, 6 and 8 both constructs and corresponding
culture medium, were collected and separately stored in 1.5 mL Eppendorf tubes at -20 ˚C. In
the case of constructs with endplates, only the cylindrical central section (Fig. 1c), was
removed and subjected to metabolic and histological studies. The effects of culture time on
the temporal profiles of DNA, GAG and collagen production with particular reference to that
retained within both sets of constructs were evaluated. The temporal evolution of the PCM
around individual chondrocytes was observed by analysing their histological and immunohistological appearance using Haematoxylin and Eosin (HE), Picrosirius Red and keratan
sulphate antibodies (Novus Biological, Cambridge, UK).
Mechanical Conditioning study
A cell-straining apparatus, developed by the authors (Di Federico et al., 2014), was employed
to apply dynamic compressive and shear strains simultaneously to constructs with endplates
(Fig. 1a). Twelve of these were centered individually in the outer wells of a 24 well culture
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plate, which itself was positioned within a sterile Perspex chamber such that each construct
was immediately beneath a corresponding PTFE cup-shaped loading pin (Fig. 1b). One ml of
DMEM + 16.1% FCS was introduced into each well. In this position, the constructs were
considered to be subjected to a tare strain resulting from the pin mass, referred to as tare load.
The set-up enables the prescription of biaxial loading regimens to chondrocytes-seeded
agarose constructs. Shear strain was applied within the entire construct using a motorised
linear stage. A porous viscoelastic biphasic FE model of the constructs with embedded
chondrocytes, developed to determine the cells deformations within the agarose gel (Di
Federico et al., 2015) revealed that chondrocytes in the centre of the construct with endplates
deform slightly more compared to cells in the top and bottom sections, supporting a previous
study (Sawae et al. 2004). Any differences related to metabolic activity were examined by
performing histological analysis on both, top and middle sections of the construct.
For each experiment a second chamber was employed to apply dynamic compressive and tare
strains to an identical set of chondrocytes-seeded constructs. At the end of the mechanical
conditioning period, both constructs and corresponding culture medium of each group were
removed and stored separately at -20°C prior to biochemical analysis.
The constructs were prepared and pre-cultured unstrained in 1 ml of DMEM + 16.1% (FCS)
at 37°C/5% CO2, for 16 hours (short-term experiment) or 6 days (long-term experiment).
Three loading conditions, involving both continuous and intermittent regimens were
prescribed each for a period of 48 hours, namely,


Tare Load (TL): 0.2% tare compressive strain arising from the mass of the loading pin.



Dynamic Compression (DC): sinusoidal cyclic compressive strain at a maximum
amplitude of 15% at a frequency of 1 Hz, superimposed on the tare load.
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Dynamic Compression & Dynamic Shear (DC&DS): 15% sinusoidal compressive strain
superimposed on a 10% dynamic shear strain (Sawae et al., 2004) using a triangular
waveform at 1 Hz.

In the case of intermittent mechanical stimulation, the cyclic strains were applied
continuously for 10 minutes followed by an unstrained period of 350 minutes. This temporal
profile was repeated for a total of 8 times. A schematic of the mechanical conditioning
protocols is illustrated in Fig. 2. Intermittent and continuous conditioning experiments were
not performed in parallel. Therefore, the experiments were based on different cell pools.
Chondrocyte viability
Chondrocyte viability of both control and experimental constructs was assessed over the 8
day culture period. Vertical slices were obtained from the centre of representative constructs
and stained by incubation in 1mL solution of 5 μM of calcein AM and Ethidium homodimer1 in DMEM + 16.1% FCS at 37oC/5% CO2 for 30 minutes. The cells were viewed on an
epifluorescence microscope (Leica DMI4000B) and the percentage of viable cells was
determined.
Biochemical Analysis
Cell-seeded agarose constructs were subjected to a digestion procedure, with an initial
incubation in 1 ml of digest buffer at 70°C until molten. The suspension was cooled to 37°C,
5 μl/mL of papain and 10 μl/mL of agarase suspension (Sigma–Aldrich, Poole, UK) were
added, and the solution was incubated for 16 hours at 37°C and for a further 1 hour at 60 C
to ensure the removal of papain. The digested constructs were cooled to room temperature
prior to performing the biochemical assays. The digests and culture media samples were
assayed for glycosaminoglycan using the dimethyl-methylene blue dye-binding method
(Farndale et al., 1982) with a chondroitin sulphate standard. The collagen content was
estimated by measuring the hydroxyproline content using a modification of the method
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described by Bergman and Loxley (1963). Samples were hydrolysed at 110°C for 18 h in
38% HCl and assayed using a chloramine-T assay with a hydroxyproline : collagen ratio of 1
: 7.69 (Ignat’eva et al., 2007). Total DNA, determined with use of the Hoechst 33258 method
with a calf thymus DNA standard (Rao and Otto, 1992), was used to normalise both
glycosaminoglycan and collagen contents.
Histological and Immuno-histological investigations
Representative constructs were fixed in 10% (w/v) neutral buffered formalin with 0.1 M
CaCl2 for 24 h at room temperature, dehydrated using a conventional ethanol gradient
dehydration procedure (70%, 95% and 100%), cleaned with toluene at 30 ˚C and embedded
in molten paraffin using the Excelsior ES Tissue Processor machine (Fisher Scientific UK
Ltd, Loughborough , UK). The embedded constructs were divided into 3 μm thick sections,
which were deparaffinised in xylene and rehydrated through graded alcohols than stained
with HE (Gills Haematoxylin and 1% Eosin) and Picrosirious red for GAG and collagen
staining, respectively.
In the case of free swelling, constructs sections from the embedded specimens were also
stained with a polyclonal antibody to visualize the presence of keratan sulphate (KS), to
determine the presence and distribution of proteoglycans around the cells and verify that the
chondrocyte phenotype was maintained throughout the culture period. Indeed, several studies
have demonstrated that when cell types are maintained in vitro, they adopt a fibroblastic
morphology thus losing their ability to synthesise KS (Funderburgh, 2000).
The deparaffinised and rehydrated sections were incubated in 5% serum in PBS-T (PBS with
0.4% Triton X-100) for 30 minutes at room temperature to block any non-specific binding
and then incubated overnight at 4 °C with the primary antibody (Rabbit polyclonal Keratan
Sulfate Antibody, Novus Biological, Cambridge, UK)

diluted (1:100) in PBS, whose

penetration and activity has been reported to be unaffected in the presence of an agarose gel
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(Steward et al., 2012; Thorpe et al., 2008). The staining was developed by incubating the
sections with 3, 3′-diaminobenzidine tetrahydrochloride (DAB) solution (0.5 mg/mL DAB, 1
mL of 30% H2O2, 50 mM Tris-HCl, pH 7.6) for 1 h. The reaction was stopped with TBS
buffer. The nuclei were counterstained with HE. Specimens were then mounted for imaging.
Bright field images of the stained sections with each dye were recorded using a light
microscope (Leica Microsystems GmbH Leica Microsytems GmbH, Wetzlar, Germany) with
a 63× objective lens and analysed with the NDP View software.
Statistical Analyses
The data are presented as mean +/- standard deviation. The normality of distribution and the
equality of variance of all data sets were assessed using Shapiro-Wilk normality test and
Brown-Forsythe’s test, respectively. Differences in the synthesis of GAG and collagen and
their retention within the construct were analysed for each of the test conditions involving
both control and experimental groups by one-way ANOVA, if distribution of all data sets and
the equal variance among them were confirmed to be normal. A Kruskal-Wallis test was
performed for non-normal distribution or data of unequal variance. If the effect was shown to
be significant (p < 0.05) Mann-Whitney comparisons tests were employed. A level of 5%
was considered statistically significant in all statistical tests (p < 0.05).
Results

Free Swelling study
The mean values of chondrocyte viability were maintained above 90% for all the free
swelling culture periods with values ranging between 93 ± 2 % and 97 ± 3 % for cylindrical
constructs (FSC) at day 0 (T0) and day 8, respectively. The corresponding viability for
construct with endplates (FSE) was 94 ± 2 % (T0) and 93 ± 4 % (day 8). The differences in
viability with culture period were not statistically significant (p > 0.05).
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The mean values of DNA content for each of the free swelling culture periods are detailed in
Table I. Although there were small differences in the DNA content with culture period for
each of the construct morphologies, none were found to be statistically significant (p > 0.05).
However, the DNA content in constructs with endplates (FSE3, 3.96 ± 0.50 µg) was
significantly higher than the corresponding values in cylindrical constructs (FSC3, 3.09 ±
0.61 µg). Both the absolute GAG and collagen contents and the values normalised by DNA
retained in the construct and released into the medium are detailed in Table I. There was a
clear increase of GAG retained in the construct with free swelling culture period, such that by
day 8, there was a 4.25 and 3.25 fold increase for cylindrical constructs and constructs with
endplates, respectively. The corresponding increase in GAG released into the medium was
small and generally constant and thus represented a significant decrease in the total GAG
synthesised with culture period for both morphologies. Table I also reveals a small increase
of collagen synthesis with time in culture, although the differences between values in free
swelling were not statistically significant for constructs of either morphology (p > 0.05).
The mean values of synthesized GAG/DNA and collagen/DNA for constructs with endplates
were compared to the condition at T0 (Fig. 3). These revealed a statistically significant
increase of GAG synthesis retained in the construct with period in free swelling culture (Fig.
3a), with mean fold values increasing with time from between 1.5 (FSE3), 2.5 (FSE6) and 3.2
(FSE8). By contrast, there was only a small percentage collagen increase after 6 and 8 days in
free swelling cultures retained within constructs (Fig. 3b) and also released into the culture
medium (Table I) (p > 0.05 in each case). Indeed the collagen released into the medium
represented between 47 and 58% of the total synthesised across all free swelling culture
periods (Fig. 3d). Typical images of the ECM deposition around individual chondrocyteseeded constructs with endplates are illustrated in Fig. 4. HE staining revealed an increase in
cell diameter following free swelling culture (FSE8 versus T0). This change is associated
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with the appearance of a PCM, forming a chondron-like structure in free swelling culture at
both 6 (not shown) and 8 days. Analysis also revealed the presence of substantial amounts of
keratan sulphate in the pericellular region in samples at FSE8, which was absent at T0. The
presence of collagen, as indicated by Picrosirius red staining, was weak for each free swelling
period, although it appeared to be slightly more intense at FSE8 (Fig. 4).
Biomechanical Conditioning study
The mean values of cell viability of constructs with endplates exposed to both loading
regimens were maintained above 90% for both control and experimental constructs, over both
3 and 8 day culture periods. There were no statistically significant differences between any of
the treatments (TL, DC and DC&DS) groups (p > 0.05 in all cases).
Both the absolute GAG and collagen contents and the values normalised by DNA retained in
the construct and released into the medium for each loading regimens are detailed in Table II.
Statistical analysis revealed no significant differences in DNA content, with the exception of
small decreases in the short-term continuous loading group when both were compared with
TL3 (p < 0.05) and when the DC3 groups for continuous and intermittent loading regimens
were compared (Table II). The mean values of synthesized GAG/DNA for each of the
prescribed loading conditions were compared to the free swelling conditions values (FSE3 or
FSE8), as shown in Fig. 5. It is evident that for a pre-culture period of 16 hours, GAG
synthesis was enhanced for the strained groups (DC and DC&DS) with both continuous and
intermittent loading (Fig. 5a, c). For the short-term experiments, the mean GAG content
retained in the constructs increased from between 116% and 127% for both continuous and
intermittent loading groups (Figs 5a, c). By contrast, there was no systematic trend in the
GAG synthesis in the long-term experiment (Figs. 5b, d) with no significant difference
between both loading and control (FSE8) groups (p> 0.05) in the case of continuous loading
regimens. Indeed, for intermittent loading regimens, the amount of GAG was significantly
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lower than the value of the control group (FSE8) (Fig. 5d). It is interesting to note that the
percentage of total proteoglycans released into culture medium decreased significantly with
pre-culture time for for both loading regimens (Table III).
The corresponding mean values of newly synthesised collagen/DNA retained within the
construct or released into culture medium were compared to the corresponding control group
values (FSE) for each of the prescribed conditions are presented in Fig. 6. In short-term
continuous loading experiments (Fig. 6a), results indicated a significant up-regulation in
collagen both retained in the construct and released into the medium during biaxial loading
(DC&DS3) compared to both the control group (FSE3) and the experimental groups (TL3
and DC3) with an up-regulation of total collagen of approximately 82% (Table II).
Statistically significant differences were evident between the experimental groups (TL3, DC3
and DC&DS3) and the control group (FSE3) for constructs exposed to short-term intermittent
loading regimens (Fig. 6c). In the long-term loading experiments the biaxial loading regimen
produced a small increase in the collagen retained within constructs for both loading
regimens, although the differences did not attain statistically significance for all of the
comparisons (Fig. 6b, d). The newly synthesised collagen released into the medium ranged
between 53 and 63% of the total across all the pre-culture periods and experimental
conditions (Table III), with a small decrease in the long-term experiments (p >0.05). Typical
results of the histological analysis performed on control and strained chondrocyte-seeded
constructs subjected to continuous loading regimens are illustrated in Fig. 7. Results indicated
an increase in chondrocyte diameter as a result of extended pre-culture periods. HE staining
reveals the formation of a significant amount of PCM around chondrocytes, which is more
pronounced after 6 days of pre-culture period. In addition, constructs subjected to continuous
biaxial loading presented a broader and more intensely stained halo around the cell when
compared to both TL and DC groups, for both short and long-term experiments (Fig. 7).
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Results from the Picrosirus red staining demonstrated that histological sections of TL control
group exhibited a weak staining intensity, corresponding to the minimal collagen synthesis,
for both pre-culture periods (Fig. 7). For both experiments involving continuous compression
alone (DC), the staining for collagen was relatively modest and mainly localized around the
cell membrane (Fig. 7a). By contrast, a considerably higher amount of collagen was observed
in the pericellular microenvironment of constructs subjected to biaxial loading (DC&DS).
This was particularly marked in long term cultures where an intense band immediately
adjacent to the cell membrane was surrounded by a diffuse less intense region. This is seen in
both single (Fig. 7a) and multiple chondrocytes in all sections of the constructs (Figs. 7b-c).
Discussion
The chondrocyte-agarose system is a well-established model to investigate cell proliferation,
ECM production and biochemical composition (Lee and Bader, 1997; Benya and Shaffer,
1982; Chang and Poole, 1996). Histological examination of constructs in the present study
confirmed that when in free swelling conditions the system maintained a high viability, a
relatively low proliferation rate and characteristic chondrocyte morphology throughout the 8
day culture period. Findings indicated that the DNA content in chondrocyte seeded agarose
constructs was not strongly influenced by time in culture (Table I). Histochemical data
highlighted a rapid synthesis of proteoglycans deposited in the pericellular region. These
features were evident within three days of culture and generally continued to progress with
free swelling culture. Proteoglycan production represents the primary event in the
constitution of freshly synthesized ECM (Loredo et al., 1996; Archer et al., 1990).
Concomitantly with the progressive increase of matrix deposition, a gradual increase in the
chondrocyte diameter was observed (Fig. 4). It has been previously suggested that temporal
modifications of chondrocyte volume in culture may reflect altered regulatory mechanisms
triggered by variations in the cell niche and associated adaptations to its external environment
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(Quinn et al., 2002). Staining of construct sections confirmed a consistent production of
keratan sulphate and its localisation mainly in the pericellular capsule (Fig. 4). By contrast,
collagen synthesis and retention within the construct was not up-regulated in free swelling
culture for either construct morphology, which confirms previous reports (Hunter et al.,
2004). Indeed results indicated that approximately 55% of the synthesised collagen was
released into the culture medium (Table III). This may be a direct result of the production of
immature collagen fragments, characterised by a low molecular weight, which can easily
diffuse out of the agarose constructs (Kjaer, 2004; Lamande and Bateman, 1993).
The newly designed constructs with endplates (Di Federico et al., 2014) proved ideal for the
current study involving biaxial loading regimens. The design enabled the chondrocyte
viability to remain consistently high for each loading regimen up to 8 days culture. Findings
revealed a consistent synthesis of proteoglycans and their deposition in the PCM of single
and multiple chondrocytes (Figs. 7 a-c), with a more significant GAG up-regulation in the
case of constructs exposed to both forms of continuous dynamic regimens (DC and DC&DS).
It is interesting to note that there is a small but significant difference between the GAG
content in constructs subjected to tare loads alone at 3 (TL3) and 8 days (TL8) for the
continuous and intermittent loading experiments (Table II). This can be attributed to the
inherent variability in cell response between these experiments, as all other experimental
parameters remained identical.
The temporal evolution of GAG content within the construct was associated with a reduction
in the proportion of total GAG released into the culture medium (Table III). The observed
GAG up-regulation and localisation around chondrocytes, forming a chondron-like structure
(Fig. 7), will alter both the magnitude and the modality by which the mechanical loads are
perceived by the chondrocytes modifying their biosynthetic response. In particular, the
chondrocyte deformation will be reduced by the presence of the PCM (Knight et al., 1998),
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which may explain why the mechanical conditioning effect was more pronounced in shortterm experiments (Figs. 5-6). Additionally, the remodelling of the PCM may represent a
priority in chondrocytes seeded in agarose constructs, particularly when exposed to dynamic
compressive loads. The superposition of dynamic shear on dynamic compression (DC&DS)
significantly increased collagen content without marked compromise to the GAG synthesis.
These effects were more pronounced with continuous biaxial loading in the short-term
experiments, compared to intermittent biaxial loading (Figs. 6). These findings contrast with
previous studies in which intermittent strain regimes were reported to be beneficial to the
biosynthetic activity of chondrocytes (Burton-Wurster et al., 1993) and also bone cells
(Robling et al., 2001). This effect may be related to the increased diffusion of nutrients
within the scaffold induced by continuous loading. Furthermore, since chondrocytes are not
directly linked to the agarose gel, higher level of strain delivered continuously may be
necessary to trigger collagen biosynthetic pathways.
The free swelling pre-culture period prior to biomechanical conditioning appeared to greatly
influence collagen synthesis (Table II). Regardless of the extent of the collagen up-regulation,
its retention rate within the construct was moderate (Table III). Further studies would be
required to examine whether biaxial loading (DC&DS) either partially promotes the
maturation of the low molecular weight collagen or upregulates catabolic processes involving
MMPs. Noticeably, the application of dynamic compression (DC) alone to the constructs
with endplates revealed no major effects on the rate of collagen synthesis (Table II) nor in its
segregation into the construct (Chowdhury et al., 2003; Bader and Lee, 2000).
The present series of experiments strongly suggest that proteoglycan and collagen synthesis
may be triggered by uncoupled mechanosensitive cellular responses. Indeed, GAG synthesis
appear to be up-regulated predominantly by intermittent dynamic compressive loads (DC3,
DC&DS3) prescribed on constructs cultured in free-swelling conditions for only 16 hours
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(Table II). By contrast, enhanced collagen synthesis associated with slightly lower GAG
content is evident in constructs and medium after exposure to continuous biaxial loading
regimen (Fig. 6, Table II). Moreover, these uncoupled mechanisms necessitate the use of
tuned conditioning protocols, which vary with time, dependent on the status of the ECM solid
components and their structural interactions to evolve an ECM composition and structure to
match that of native cartilage.
The present work offers the potential for a more effective pre-conditioning of cell-seeded
constructs with physiologically-relevant loading regimens for use in resolving localised
defects in joint cartilage. The investigation of the response of chondrocytes to a complex
physiologically relevant deformation profile will lead to the development of neo-cartilage
characterised by organized ECM with a ratio of collagen to proteoglycan matching that of
native tissue structural competency and long term functionality.
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FIGURE CAPTION:
FIGURE 1: Global view and close-up of the assembled tissue culture sterile chamber positioned in the incubator a), b). Image of
cylindrical agarose construct (Ø 5 mm x 5 mm, c right) and construct provided with custom designed nylon endplates (top endplate:
Ø 10 mm x 5 mm; bottom endplate: Ø 15.5 mm x 5 mm, c left).

FIGURE 2: Schematic representing the protocols designed to examine the metabolic response of chondrocyte seeded in agarose
constructs under a) continuous and b) intermittent uniaxial and biaxial loading.

FIGURE 3: Percentage of control (T0) of GAG (a, c) and collagen (b, d) synthesis either retained within the construct (dark blue
and dark red, respectively ) or released in culture medium (light blue and light red, respectively) by chondrocytes seeded in
constructs with endplates cultured in free swelling (FS) (FSE) condition for up to 8 days, (* p < 0.05; ** p < 0.01; *** p < 0.001).

FIGURE 4: Typical microscope images of single sections labelled with HE, Keratan sulphate antibodies and Picrosirius red
stains showing chondrocytes seeded in constructs with endplates, cultured in free swelling conditions (FSE) for 16 h (T0) and 8
days. Arrows indicate development of pericellular matrix around chondrocytes.

FIGURE 5: Percentage of controls (FS3 and FS8) of GAG synthesis retained within the construct by chondrocytes seeded in
constructs pre-cultured for either 16 hours (a, c) or 6 days (b, d) and subjected to continuous (a, b) or intermittent (c, d) loading
regimens, (* p < 0.05; ** p < 0.01; *** p < 0.001).

FIGURE 6: Microscope images of single optical sections labelled with HE and Picrosirius red stains illustrating individual
chondrocytes seeded in constructs with endplates, pre-cultured for 16 h and 6 days subjected to TL, DC and DC&DS (continuous
loading regimen). Arrows indicate development of pericellular matrix around chondrocytes (a). Microscope images of multiple
DC&DS8 chondrocytes stained with both HE (b) and Picrosirius red (c) illustrating the deposition of a significant amount of GAG
and collagen in adjacent cells and in the territorial matrix between chondrocytes.

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 1

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 2

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 3

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 4

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 5

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 6

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
Figure 7

This article is protected by copyright. All rights reserved

cepted Prepri

Table I: DNA, GAG/DNA and collagen/DNA content in chondrocytes seeded in constructs cultured in free swelling for up to 8 days (FSxn with x = E or C for constructs with endplates and cylindrical constructs
respectively and n = culture period).

GAG (µg/µg DNA)

Collagen (µg)

Collagen (µg/µg DNA)

Medium

Construct

Medium

18.53 ± 1.74
34.61 ± 2.35
64.88 ± 10.02
82.42 ± 12.99

8.96 ± 2.70
9.45 ± 0.64
10.33 ± 1.60
9.68 ± 1.59

5.97 ± 1.60
10.49 ± 2.18
21.79 ± 7.25
25.37 ± 8.36

3.12 ± 0.93
3.14 ± 0.75
3.56 ± 0.87
3.20 ± 0.95

10.95 ± 3.64
10.03 ± 2.01
12.17 ± 3.52
13.40 ± 4.03

11.76 ± 4.32
12.38 ± 2.83
12.30 ± 3.69
12.66 ± 4.39

3.92 ± 1.38
3.46 ± 1.23
4.38 ± 1.61
4.69 ± 2.23

4.00 ± 1.38
4.00 ± 0.54
4.54 ± 1.54
4.00 ± 1.23

3.22 ± 1.16
3.12 ± 1.11
3.62 ± 1.05
3.80 ± 1.12

3.43 ± 1.66
4.55 ± 1.01
4.79 ± 0.59
4.47 ± 0.75

2.99 ± 0.52
3.09 ± 0.61
3.15 ± 0.42
3.25 ± 0.75

38
46
28
32

T0
FSE3
FSE6
FSE8

3.97 ± 0.41
3.96 ± 0.50
3.73 ± 0.38
3.67 ± 0.40

* p < 0.05, ** p < 0.01, *** p < 0.001.

21.84 ± 2.49
31.39 ± 3.78
53.35 ± 10.13
64.68 ± 14.92

7.66 ± 2.04
12.22 ± 2.79
10.54 ± 2.92
11.57 ± 2.85

***

T0
FSC3
FSC6
FSC8

***
***
**

32
28
32
32

5.43 ± 0.78
7.95 ± 0.95
14.27 ± 2.63
17.63 ± 4.11

2.03 ± 0.64
3.12 ± 0.89
2.90 ± 0.93
3.14 ± 0.79

12.50 ± 3.91
12.15 ± 3.58
13.51 ± 4.11
13.95 ± 4.39

13.25 ± 6.23
17.96 ± 4.25
17.82 ± 2.50
16.35 ± 3.53

***
***

Construct

**

Medium

***

Construct

***
***
***

Medium

*

Construct

***

Construct

*

Constructs
endplates

GAG (µg)

***
***
***

Cylindrical
Constructs

n°

DNA (µg)
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Table II: DNA, GAG/DNA and collagen/DNA content in chondrocytes seeded in constructs with endplates subjected to different mechanical conditioning protocols (TLn=tare load, SCn=static compression,
DCn=dynamic compression, DC&DSn=dynamic compression & dynamic shear with n=pre-incubation period+2 days loading regimen).
DNA (µg)

Continuous
loading
regimen

11.53 ± 1.54
11.66 ± 2.69
17.00 ± 2.73
13.92 ± 2.82
14.02 ± 2.93
17.33 ± 3.94

19.64 ± 2.86
19.76 ± 2.77
25.81 ± 5.78
16.58 ± 2.15
15.59 ± 2.67
19.24 ± 2.83

18
17
18
22
22
22

TL3
DC3
DC&DS3
TL8
DC8
DC&DS8

3.91 ± 0.55
3.84 ± 0.52
3.90 ± 0.48
3.96 ± 0.46
4.09 ± 0.89
4.28 ± 0.61

11.42 ± 6.50
11.58 ± 6.62
12.78 ± 5.16
11.07 ± 2.61
10.77 ± 1.24
9.82 ± 2.11

16.42 ± 4.14
16.38 ± 4.94
17.58 ± 3.31
14.35 ± 2.31
14.04 ± 3.00
19.23 ± 1.87

19.89 ± 2.87
18.98 ± 3.63
23.11 ± 2.87
19.19 ± 2.08
18.37 ± 2.69
21.43 ± 3.54

** ***
*** *** *

Medium
2.66 ± 0.81
3.35 ± 1.14
3.72 ± 1.27
2.16 ± 0.91
2.31 ± 0.94
2.23 ± 0.92

Construct
3.62 ± 1.50
3.72 ± 1.94
5.17 ± 1.99
4.04 ± 2.37
4.00 ± 2.44
4.75 ± 2.37

Medium
5.44 ± 2.16
5.58 ± 2.58
7.32 ± 2.77
4.56 ± 2.06
4.26 ± 2.19
5.04 ± 1.95

**

Continuous
loading
regimen
Intermittent
loading
regimen

†
***
**

†††
†††

†

5.16 ± 0.90
5.24 ± 0.94
5.99 ± 0.97
4.89 ± 0.68
4.72 ± 1.43
5.03 ± 0.57

**

4.29 ± 1.37
4.40 ± 1.61
4.60 ± 1.18
3.67 ± 0.74
3.51 ± 0.72
4.52 ± 0.77

†

†††

3.04 ± 1.90
3.11 ± 1.92
3.40 ± 1.56
2.81 ± 0.64
2.80 ± 0.90
2.37 ± 0.75

††

††
***
***
***

*,† p < 0.05; **, †† p < 0.01; ***, †††p < 0.001.

†

**
**
** **
*
*

**

6.95 ± 1.63
10.11 ± 2.49
9.78 ± 2.39
13.39 ± 2.03
15.11 ± 3.18
14.07 ± 1.37

*

TL3
DC3
DC&DS3
TL8
DC8
DC&DS8

Collagen (µg/µg DNA)

††

18
17
18
22
22
22

†
***
***
***

TL3
DC3
DC&DS3
TL8
DC8
DC&DS8

††
†††

†††
†††
†††

***
***
***

26
30
33
21
21
21

** *
** *

†

GAG (µg/µg DNA)
Construct
7.77 ± 1.05
9.19 ± 1.27
9.60 ± 0.94
17.26 ± 3.14
20.19 ± 3.73
18.65 ± 2.80

**
*
* *
***
***
*

*

26.67 ± 4.74
37.88 ± 6.34
37.23 ± 6.02
52.99 ± 9.76
59.87 ± 7.83
59.68 ± 4.98

††

Medium

11.36 ± 3.74
14.09 ± 4.96
14.85 ± 5.00
9.30 ± 4.41
10.27 ± 4.91
9.87 ± 4.73

*
***

Construct

32.56 ± 3.07
37.84 ± 2.09
37.55 ± 1.70
70.84 ± 4.34
84.98 ± 4.07
78.59 ± 1.83

†††

Medium

4.23 ± 0.42
4.17 ± 0.41
3.98 ± 0.40
4.20 ± 0.60
4.32 ± 0.65
4.30 ± 0.61

***
***
***
***
***

Construct

TL3
DC3
DC&DS3
TL8
DC8
DC&DS8

*

Construct

26
30
33
21
21
21

Intermittent
loading
regimen

Collagen (µg)

***
**
***
***
**
***
***
**
**
***
*

n°

GAG (µg)
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Table III: Percentage of newly synthesised GAG and collagen released into culture medium for constructs with endplates
pre-cultured for 16 hours and 6 days and subjected to tare load (TL), dynamic compression (DC) and dynamic shear
superimposed to dynamic compression (DC&DS) for both intermittent (I) and continuous (C) loading regimens.

TL3
C
I

25 ± 6
28 ± 9

DC3
DC&DS3
TL8
DC8
% of total GAG released into culture medium
27 ± 8
22 ± 7

27 ± 8
25 ± 5

12 ± 5***
18 ± 4

11 ± 5***
15 ± 3

DC&DS8
11 ± 5***
14 ± 4***

% of total collagen released into culture medium
C
I

63 ± 5
55 ± 6

63 ± 7
56 ± 7

60 ± 6
57 ± 4

55 ± 7
57 ± 4

53 ± 8
57 ± 6

53 ± 9
53 ± 4

Differences for corresponding groups between day 3 and day 8 values. * p < 0.05, ** p < 0.01,
***
p < 0.001.
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