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Abstract
The meniscus is a fibrocartilaginous tissue that is critically important to the loading patterns within
the knee joint. If the meniscus structure is compromised, there is little chance of healing, due
to limited vascularity in the inner portions of the tissue. Several tissue-engineering techniques
to mimic the complex geometry of the meniscus have been employed. Of these, a self-assembly,
scaffoldless approach employing agarose moulds avoids drawbacks associated with scaffold use,
while still allowing the formation of robust tissue. In this experiment two factors were examined,
agarose percentage and mould surface roughness, in an effort to consistently obtain constructs
with adequate geometric properties. Co-cultures of ACs and MCs (50 : 50 ratio) were cultured in
smooth or rough moulds composed of 1% or 2% agarose for 4 weeks. Morphological results showed
that constructs formed in 1% agarose moulds, particularly smooth moulds, were able to maintain
their shape over the 4 week culture period. Significant increases were observed for the collagen
II : collagen I ratio, total collagen, GAG and tensile and compressive properties in smooth wells. Cell
number per construct was higher in the rough wells. Overall, it was observed that the topology of
an agarose surface may be able to affect the phenotypic properties of cells that are on that surface,
with smooth surfaces supporting a more chondrocytic phenotype. In addition, wells made from
1% agarose were able to prevent construct buckling potentially, due to their higher compliance.
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1. Introduction
The meniscus is a fibrocartilaginous tissue that is situated
between the femur and tibia within the knee joint. Due
to its location, geometry and composition, the meniscus
protects the underlying articular cartilage from excessive
stresses via force distribution and shock absorption (Jones
et al., 1996; Kurosawa et al., 1980). However, if the
meniscus structure is compromised, its ability to perform
these critical functions is lost (Casscells, 1978; Fairbank,
1948). Furthermore, injuries to the inner regions of the
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meniscus do not heal, due to limited vascularity in
that region. Partial meniscectomy is the most common
treatment for meniscal tears and can alleviate short-term
symptoms of pain and temporarily restore joint function
(Stone, 1999). In the long term, the loss of meniscal
cartilage leads to degeneration of the underlying articular
cartilage and quickens the onset of osteoarthritis (Cox
et al., 1975). Thus, tissue engineering may be a viable
option to repair or replace injured tissue.
The meniscus contains a heterogeneous cell and ECM
population (McDevitt et al., 1992). The inner region
contains chondrocyte-like cells and the ECM is composed
of a network of collagen II and collagen I fibres in a
3 : 2 ratio, and the proteoglycan aggrecan. In vivo, the
inner meniscus is loaded with an axial compressive
force. The outer region contains fibroblast-like cells with
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circumferentially orientated collagen I fibres. Due to the
wedge-shaped profile and attachments of the meniscus,
the compressive load experienced by the inner meniscus
is partially converted into circumferential tensile forces
in the outer regions. Furthermore, the wedge-shaped
profile of the meniscus corrects the incongruity between
the curved femoral condyles and the flat tibial plateau,
allowing distribution of the compressive forces over a
larger area of the articular surfaces (Fithian et al., 1990;
Radin et al., 1984). Finite element models have shown
that geometrical aspects of the meniscus, particularly
the radius of curvature to match the femoral condyle,
are critically important to the ability of the meniscus to
absorb and distribute loading (Meakin et al., 2003). Thus,
for an engineered meniscal substitute, recapitulation of
geometry and composition will be critical to achieve
successful tissue replacement.
Most attempts at creating meniscus-shaped constructs
have involved producing scaffolds by pouring a liquid
polymer solution into a mould and allowing it to set,
or by adding a cross-linking agent (Ballyns et al., 2008;
Chiari et al., 2006; Martinek et al., 2006). Other attempts
have used solid freeform fabrication (Cohen et al., 2006)
or physical shaping (Kang et al., 2006). These attempts at
shape-mimicking have highlighted a number of issues that
must be addressed before a meniscus-specific construct
can be realized, including shape retention and obtaining
adequate biochemical and biomechanical properties.
Although widely used in tissue-engineering studies,
scaffold materials can present several drawbacks. These
include toxicity associated with scaffold degradation
byproducts, lack of cellular mechanotransduction due
to stress shielding, and irregular tissue ingrowth to
scaffold degradation rates (Hu and Athanasiou, 2006).
A self-assembly, scaffoldless approach developed in our
laboratory circumvents these issues and allows for the
creation of shape-specific geometries. Previous work with
this approach has shown that meniscus cells (MCs) and
articular chondrocytes (ACs) can be co-cultured in ringshaped moulds (Aufderheide and Athanasiou, 2007).
However, with increasing AC percentage, the constructs
expand radially, contact the well edge and slide up the
smooth wells or buckle in response to the force placed
on the construct by the agarose well. With increasing MC
percentage the constructs contract into a torus. Thus, by
using various ratios of the two cell types, the expansive
contribution of ACs and contractile contribution of MCs
can be modulated to form different-shaped constructs.
Utilizing data from a previous study (Aufderheide
and Athanasiou, 2007) and from pilot studies in the
laboratory, it has been determined that a 50 : 50 coculture ratio of ACs and MCs, grown in a ring-shaped
mould, in the presence of serum most closely resembles
the native meniscus. However, when switching to a serumfree approach, enhanced expansive growth is noted as
the constructs expand radially (Hoben and Athanasiou,
2008). To address this issue, the compliance of the
agarose well was studied to determine whether a well
that provided less resistance to construct impingement
Copyright  2009 John Wiley & Sons, Ltd.
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would allow for proper construct geometry. To this
end, two different agarose percentages (1% and 2%)
were examined. In addition, the topology of the well
walls was also altered (rough and smooth wells) to
examine whether roughness would prevent buckling
of the constructs by increasing the frictional contact
between the radially expanding constructs and the well
wall. It was hypothesized that: (a) buckling would be
reduced by increased compliance of lower agarosecontent (1%) wells; and (b) buckling would be reduced
by increased frictional contact in wells with rough
edges.

2. Materials and methods
2.1. Mould-maker fabrication
Pictures of rabbit medial menisci were taken to obtain
meniscus geometric properties. Using this information, a
mould-maker drawing was created using AutoCAD 2007
(Autodesk, San Rafael, CA) that captured the negative of
the elliptical shape and the curved, wedge profile observed
in the meniscus (Figure 1A). The AutoCAD drawings were
then imported to a solid freeform fabrication machine that
created the part.

Figure 1. Meniscus mould-maker. (A) AutoCAD drawing of
the mould-maker (negative of the idealized meniscus shape).
(B) Mould-maker fabricated with smooth topology, using a
ZPrinter 310 rapid prototyping machine (scale bar = 2 mm).
(C) Mould-maker fabricated with rough topology using a
Dimension 768 SST rapid-prototyping machine (scale bar
= 2 mm)
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In order to obtain two types of mould-makers with similar geometrical properties but differing in surface roughness, two different solid-freeform fabrication machines
were employed. To create the smooth mould-maker, a
ZPrinter 310 (Z Corporation, Burlington, MA, USA) was
used. This machine employs three-dimensional (3D) printing technology to place a drop of binding solution into a
basin of powder to create a part with a layer thickness of
76 µm. Although the layer thickness alone was sufficient
to obtain a smooth surface, the mould-maker was dipped
in latex solution to ensure smoothness and to prevent
agarose from infiltrating the porous material (Figure 1B).
The rough mould-maker was created using a Dimension
768 SST (Stratasys, Eden Prarie, MN, USA), which utilized
fused deposition modelling technology to build the part
layer by layer, using a thin acrylonitrile butadiene styrene
(ABS) plastic cord (Figure 1C). This method of rapid prototyping imparted an inherent anisotropic roughness to
the mould-maker, due to the large layer thickness dictated by the use of a 245 µm diameter ABS cord. The
average roughness value (Ra) was estimated based on
the ASME standard B46.1–2002, by assuming the surface
was a waveform composed of semi-circles with no gaps
in between. Images of the surface of the mould-maker
were analysed using Image J (NIH, Bethesda, MD, USA)
to determine the diameter of the semi-circular protrusions. The surface roughness, Ra, was measured using the
following equation:
Ra =

1
L



L

|Y(x)|dx

(1)

0

Y(x) is the function describing the surface of the mouldmaker with the horizontal axis set mid-way between
the highest and lowest amplitude of the waveform and
L is the length over which roughness is measured.
Roughness was not present in the direction corresponding
to the long axis of the ABS cord but was present in
both the horizontal and vertical directions emanating
from the centre of an individual elliptical mould-maker
post.

2.2. Mould fabrication
Type VII agarose moulds (1% and 2% w/v) were created
by pouring molten agarose into the wells of a 24-well
plate (BD, Franklin Lakes, NJ, USA). The mould-makers
were placed into the molten agarose and left until the
agarose hardened. The mould-makers were then removed
and the resulting agarose moulds were transferred to 12well plates (BD). The moulds represented the idealized
geometry of the meniscus. Chemically-defined serum-free
medium was allowed to infiltrate the moulds for 4 days
in an incubator before seeding. The medium consisted
of Dulbecco’s modified Eagle’s medium (DMEM) with
4.5 g/l glucose and GlutaMAX (Invitrogen, Carlsbad, CA,
USA), 100 nM dexamethasone, 1% fungizone (Sigma,
St Louis, MO, USA), 1% penicillin/streptomycin (BD
Copyright  2009 John Wiley & Sons, Ltd.

Biosciences, Bedford, MA, USA), 1% ITS+ premix,
50 mg/ml ascorbate 2-phosphate, 40 mg/ml L-proline and
100 mg/ml sodium pyruvate (Fisher Scientific, Pittsburgh,
PA, USA).

2.3. Cell isolation and seeding
The knee joints of skeletally immature calves (Research
87, Boston, MA, USA) were dissected to obtain the medial
menisci and the tibial and femoral articular cartilage.
In a cell culture hood, the vascular outer third of the
meniscus was removed and the remainder was diced
into small ∼1 mm pieces. The articular cartilage was
shaved from the femoral and tibial surfaces. Meniscus
and articular cartilage fragments were digested separately
in a solution of 0.2% collagenase II (Worthington,
Lakewood, NJ, USA) in serum-free medium. After a
14–18 h digestion, MCs and ACs were isolated through
sequential dilution of the tissue/collagenase solution
with phosphate-buffered saline (PBS), centrifugation of
the mixture and removal of the supernatant. When
the cells were sufficiently separated from the digested
tissue, they were passed through a 70 µm cell strainer,
counted using a haemocytometer and frozen at −80 ◦ C.
The freezing medium consisted of the same medium
described above in addition to 20% fetal bovine serum
and 10% dimethyl sulphoxide (Sigma). Two weeks after
harvest, primary bovine ACs and MCs were thawed
and resuspended in serum-free medium. The cells were
then combined in a 50 : 50 ratio and 20 million cells
were seeded into the meniscus-shaped agarose moulds
described previously. The cell-seeding density employed
was based on a previous study that identified the cell
density range appropriate for self-assembly (Revell et al.,
2008). Culture medium was changed every other day
for the 4 week duration of the study. At 4 weeks,
constructs were removed from the agarose wells and
assessed via histological, biochemical and biomechanical
tests.

2.4. Histology
Constructs were cut in half along the major elliptical axis
and a cylindrical 2 mm section of neo-tissue was taken
from each half-ellipse using a 2 mm biopsy punch. Care
was taken to note the orientation of the sample relative
to the overall construct. The samples were frozen using
HistoPrep (Fisher Scientific, Pittsburgh, PA, USA) and
sectioned at 14 µm. Safranin-O/fast green was used to
examine GAG distribution and picrosirius red was used for
qualitative examination of collagen content. Slides stained
with picrosirius red were also viewed under polarized light
to examine collagen orientation.

2.5. Biochemistry
Samples were weighed to determine total wet weights and
then processed for tensile, compressive and histological
J Tissue Eng Regen Med 2009; 3: 521–530.
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tests. The remainder of the construct was then reweighed,
lyophilized for 48 h, and then dry weights were
measured. Samples were digested in pepsin (10 mg/ml)
for 1 day at 4 ◦ C followed by elastase (1 mg/ml) for
5 days at 4 ◦ C. Biochemical assays performed were
dimethylmethylene blue (DMMB; sulphated GAGs),
hydroxyproline (collagen), PicoGreen (cell number) and
ELISA (collagens I and II). The DMMB assay for sulphated
GAGs was completed using a commercially available
Blyscan GAG Assay Kit (Biocolor, Newtownabbey,
Northern Ireland, UK). A modified hydroxyproline assay
was used to determine total collagen in each construct
(Woessner, 1961). Each sample was hydrolysed in 4
M NaOH at 121 ◦ C for 1 h. The samples were then
neutralized and placed in buffer. The collagen content
was then determined by combining the samples with
dimethyl aminobenzaldehyde and chloramine T, allowing
for a colorimetric comparison. The PicoGreen assay
(Molecular Probes, Eugene, OR, USA) was used to
determine the DNA content of scaffoldless constructs.
Collagen I and II amounts were quantified using the ELISA
protocols described previously (Hoben and Athanasiou,
2008). Briefly, for collagen II, Chondrex reagents and
protocols were employed (Chondrex, Redmond, WA,
USA). For collagen I, a similar protocol was employed
with antibodies from US Biological.

2.6. Uniaxial tension
Tensile tests were performed using an Instron 5565
with a 50 N load cell. To ensure testability, samples
were taken from the longer axis of the ellipse and
carved into a dog-bone shape. The ends were fixed to
paper tabs, using cyanoacrylate glue. A 0.05 N tare
load was applied and the constructs were pulled to
failure at a strain rate that was equivalent to 1% of
the gauge length. Stress–strain curves were created from
the load–displacement curves and the cross-sectional
area of the samples; tensile stiffness and ultimate tensile
strength were calculated from the linear region of each
stress–strain curve. Construct thickness was measured
using digital calipers.

2.7. Creep indentation
Disc-shaped constructs, obtained using a 2 mm biopsy
punch, were evaluated using an indentation apparatus.
The specimens were loaded with a tare mass of 0.4 g
(0.004 N), using a 0.5 mm diameter rigid, flat-ended,
porous indenter tip. When tare equilibrium was reached,
a step mass of 2.3 g (0.02 N) was applied. Displacement
of the sample surface was measured until equilibrium
was reached. At that time, the step load was removed,
and the displacement recorded until equilibrium was
again reached. The aggregate modulus, Poisson’s ratio
and permeability of the samples was then determined
using the linear biphasic theory.
Copyright  2009 John Wiley & Sons, Ltd.
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2.8. Statistical analyses
Biochemical and biomechanical assessments were
performed on all constructs (n = 6). A single factor
ANOVA was used to analyse the samples, and a Tukey’s
post hoc test was used when warranted. Significance
was defined as p < 0.05. Univariate regression analysis was also conducted to determine whether the biochemical properties correlated with the biomechanical
properties.

3. Results
3.1. Mould-maker roughness
The average roughness value (Ra) was estimated by
assuming the surface was entirely composed of semicircles. Image J (NIH, Bethesda, MD, USA) was used to
estimate the diameter of these semi-circles (∼281 µm).
Using equation 1, the average roughness (Ra) of the rough
mould-maker was calculated to be 44.7 ± 4.0 µm.

3.2. Gross morphology
Within 48 h of seeding, the cells coalesced into an
elliptical construct that grew in size over the 4 week
culture period (Figure 2). At t = 4 weeks, the constructs
cultured in the smooth agarose wells were extracted with
a spatula by manoeuvring the construct up the central
post. Constructs cultured in the rough agarose wells
were more difficult to extract and had pieces of agarose
adhered to the construct. The adhered agarose was
carefully removed using a spatula prior to histological and
biochemical examination. Although translucent cartilagelike tissue was present in all groups, stark differences
were observed in the morphology of the constructs in
each group. Constructs cultured in the smooth wells
exhibited a smooth surface topology while those cultured
in rough wells exhibited an uneven topology. In addition,
buckling was observed in constructs cultured in 2%
agarose wells but was absent in constructs cultured in 1%
agarose wells. Each elliptical construct was divided down
the major axis to yield two meniscus-shaped constructs.
No significant differences were observed among groups
in height (p = 0.70) and thickness (p = 0.38) of the
meniscus-shaped constructs (Table 1).

3.3. Histology
Uniform collagen and GAG staining was observed in all
constructs (Figure 2). Polarized light micrographs showed
presence of collagen alignment in the circumferential
direction and the alignment was most prominent in
constructs cultured in smooth wells with 1% agarose
(Figure 2).
J Tissue Eng Regen Med 2009; 3: 521–530.
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Figure 2. Gross morphology and histology of constructs cultured for 4 weeks. Picrosirius red, polarized light and safranin
O/fast-green staining of constructs at ×10 magnification

Table 1. Gross morphological and biochemical results. Data presented as mean ± SD with significance between groups labelled with
different letters (p < 0.05). Groups with the same letter are not significantly different
Group

Average thickness
(mm)

Average height
(mm)

Wet weight
(mg)

Total GAG
(mg)

Total collagen
(mg)

Collagen I
(µg)

Collagen II
(mg)

3.5 ± 0.1
3.7 ± 0.1
3.6 ± 0.2
3.7 ± 0.2
0.38

1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.0
1.0 ± 0.1
0.70

32.7 ± 1.8b
32.0 ± 2.7b
38.8 ± 3.3a
36.0 ± 1.9ab
0.0004

1.5 ± 0.3a
2.0 ± 0.2ab
1.3 ± 0.3b
1.3 ± 0.4b
0.002

4.2 ± 0.6
3.8 ± 0.7
3.4 ± 0.5
3.4 ± 0.3
0.05

22.5 ± 1.7b
22.1 ± 4.6b
45.5 ± 8.9a
45.8 ± 7.4a
<0.0001

0.6 ± 0.1a
0.6 ± 0.1a
0.4 ± 0.1b
0.4 ± 0.1b
0.003

1% Agarose smooth
2% Agarose smooth
1% Agarose rough
2% Agarose rough
p Value

3.4. Biochemistry
At t = 4 weeks, wet weights (WWs) of the meniscusshaped constructs were significantly different among
groups (p = 0.0004) and ranged from 38.8 ± 3.3 mg (1%
agarose rough) to 32.7 ± 1.8 mg (1% agarose smooth)
(Table 1). Cell number/construct increased significantly
(p = 0.02) from 21.8 ± 2.1 million cells/construct in
the 1% smooth agarose group to 25.2 ± 1.9 million
cells/construct in the rough 1% agarose group
(Figure 3A). Values for the total collagen, GAG, collagen
I and collagen II per construct are shown in Table 1.
Significant differences were observed among groups
for total collagen per WW (p = 0.0008) (Figure 3B),
GAG per WW (p = 0.0003) (Figure 3C) and collagen
II to collagen I levels in the constructs (p < 0.0001)
(Figure 3D). Specifically, collagen content per WW ranged
from 8.9 ± 1.9% in the rough 1% agarose group to
12.9 ± 1.7% in the smooth 1% agarose group, while
GAG content per WW ranged from 3.4 ± 0.9% in the
rough 1% agarose group to 6.4 ± 0.7% in the smooth
Copyright  2009 John Wiley & Sons, Ltd.

2% agarose group. Collagen II : collagen I ratios in the
constructs were highest in cells cultured in smooth wells,
with values ranging from 9.8 ± 2.3 in the rough 1%
agarose group to 27.4 ± 5.3 in the smooth 1% agarose
group.

3.5. Biomechanics
Samples were tested under tension with significant differences observed among groups for the tensile modulus (p = 0.008) and the UTS (p = 0.03) (Figure 4A).
Specifically, samples cultured in the smooth 1%
agarose wells exhibited the highest tensile modulus (1018 ± 259 kPa) and the highest UTS (252 ±
53 kPa). These values were approximately 1.5 times
(tensile modulus, 534 ± 201 kPa; UTS, 151 ± 66 kPa)
those of constructs cultured in the rough 1% agarose
wells.
Meniscus-shaped constructs were evaluated under conditions of creep indentation with significant differences
observed among groups for the aggregate modulus
J Tissue Eng Regen Med 2009; 3: 521–530.
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Figure 3. Biochemical characterization of constructs at t = 4 weeks. (A) Cell number per construct. Dashed line indicates original
cell-seeding density of ∼20 million cells/construct. (B) Collagen content normalized to construct wet weight. (C) GAG content
normalized to construct wet weight. (D) Collagen II per construct normalized to collagen I per construct. Data presented as mean
± SD with significance among groups labelled with different letters (p < 0.05)

the aggregate modulus of constructs cultured in rough
2% agarose wells (45 ± 12 kPa). No significant differences were observed among groups for the permeability
(p = 0.46) and the Poisson’s ratio (p = 0.91). The values for permeability for the 1% agarose (smooth and
rough), and the 2% agarose (smooth and rough) were
4.5 ± 3.2 (×10−15 ) m4 /N-s, 7.1 ± 5.1 (×10−15 ) m4 /Ns, 4.5 ± 1.6 (×10−15 ) m4 /N-s, and 6.7 ± 3.0 (×10−15 )
m4 /N-s, respectively. The values for the Poisson’s ratio for
the 1% agarose (smooth and rough), and the 2% agarose
(smooth and rough) were 0.2 ± 0.1, 0.2 ± 0.1, 0.2 ± 0.1
and 0.2 ± 0.2, respectively.

3.6. Correlation between biochemical
and biomechanical data

Figure 4. Biomechanical characterization of constructs at
t = 4 weeks. (A) Tensile modulus and ultimate strength of
constructs. (B) Aggregate modulus determined from creep
indentation testing. Data presented as mean ± SD with
significance between groups labelled with different letters
(p < 0.05)

Compressive and tensile moduli obtained from the
biomechanical data were correlated to the total GAG and
collagen content in the constructs. Univariate regression
analysis showed a significant correlation between tensile
modulus and collagen/construct (r2 = 0.44, p = 0.0007)
but not for GAG/construct (r2 = 0.0001, p = 0.95).
Significant correlations were also observed between
aggregate modulus and GAG/construct (r2 = 0.45, p =
0.0004) but not for collagen/construct (r2 = 0.005,
p = 0.74).

4. Discussion
(p = 0.002) (Figure 4B). The highest aggregate modulus was found in constructs cultured in the smooth 2%
agarose wells (116 ± 38 kPa), approximately 2.5 times
Copyright  2009 John Wiley & Sons, Ltd.

The results presented here demonstrate that agarose
percentage and topography of the mould can significantly
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influence the final shape of meniscus constructs cultured
using a 50 : 50 ratio of primary bovine MCs and ACs.
Specifically, it was found that constructs cultured in
1% agarose wells retained the shape of the original
meniscus mould and did not buckle as a result of growth
in the radial direction, unlike what was observed with
constructs cultured in 2% agarose wells. Interestingly, the
biochemical and biomechanical properties of the resulting
constructs were also significantly altered. The highest
tensile properties and total collagen were observed in the
smooth 1% agarose wells, while the highest compressive
modulus and total GAG were observed in the smooth
2% agarose wells. Further, collagen II production relative
to collagen I production was significantly enhanced in
groups cultured in smooth wells.
In this experiment, an elliptical mould was designed
that would closely mimic the curved wedge-shaped crosssection of the meniscus. The curved profile facilitates the
translation of axial compressive forces in the inner regions
to circumferential hoop stresses in the outer regions of
the meniscus. This provides the meniscus with its shockabsorption and load-transfer capabilities. In addition, the
wedge-shaped profile of the meniscus maintains knee
stability by preventing the rounded surface of femur from
sliding off the flat surface of the tibia. In a previous
experiment examining various co-culture ratios of ACs
and MCs seeded in circular ring-shaped moulds, we
observed that the 50 : 50 co-culture ratio resulted in
a construct approaching the geometry of the native
meniscus (Aufderheide and Athanasiou, 2007). To more
accurately depict the overall geometry of the meniscus, the
mould design was optimized from a ring to an ellipse and
the bottom of the mould was fashioned with a changing
concave slope to mimic the variation in the cross-sectional
area of the meniscus. These modifications resulted in
constructs more closely mimicking native tissue, especially
those cultured in smooth 1% agarose wells.
Two different agarose percentages (1% and 2%)
were examined in this experiment to determine their
effect on construct geometry during the culturing phase.
In previous work, meniscus constructs grown in a
ring-shaped mould expanded radially and buckled as
they reached the confining walls of 2% agarose wells.
Compared to 1% agarose wells, the 2% agarose wells
exhibit lower compliance and exert greater inward forces
onto the constructs as they expand. Mechanical properties
of agarose gels have been shown to be concentrationdependent with an equilibrium aggregate modulus of
5 kPa for 1% w/v agarose gels and approximately 20 kPa
for 2% w/v agarose gels (Awad et al., 2002). We
hypothesized that buckling may be reduced by utilizing a
lower percentage agarose well with increased compliance.
This was confirmed by our results where constructs
cultured in 1% agarose wells formed meniscus-shaped
constructs with no buckling, while constructs cultured in
2% agarose wells buckled.
In addition to agarose percentage, the effect of well
topography was also examined on the final geometrical
shape of the meniscus construct. Studies have shown that
Copyright  2009 John Wiley & Sons, Ltd.
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cells are sensitive to the surface texture of the material
and can alter their attachment, phenotype and matrix
deposition patterns on different topographies (Bowers
et al., 1992; Martin et al., 1995; Schwartz et al., 1996).
For instance, microgrooves on a surface have been shown
to alter morphology of osteoblasts and influence matrix
deposition (Matsuzaka et al., 2000). In this experiment,
constructs in smooth agarose wells were easily removed
using a spatula at 4 weeks. Interestingly, constructs
cultured on rough surfaces exhibited resistance upon
removal and appeared attached to the bottom of the
agarose wells. Surface roughness may have provided
the means for interdigitation of the construct into
the biomaterial. We hypothesize that portions of the
developing matrix were anchored into the microgrooves
of the moulds. As the construct expanded to the well edge,
buckling was prevented due to construct anchorage to the
well bottom. However, reactionary tensile forces on the
constructs, as a result of non-homogeneous interdigitation
with agarose, led to overall uneven construct topology
and impeded construct extraction from the well. Thus,
although the original hypothesis that rough surfaces
would eliminate buckling due to increased frictional
contact was proved, the geometry of the final construct
did not mimic the meniscus due to its high degree of
unevenness.
An interesting result of this study was that cell
number was significantly higher in constructs cultured
on rough surfaces. One potential reason for this may be
dedifferentiation and subsequent proliferation of primary
ACs and MCs as a result of tensile forces exerted due
to interdigitation of the construct with the agarose
mould. The ECM is capable of transducing external
mechanical stimuli into changes in cell function through
mechanotransduction. At the cellular level, mechanical
forces can stretch protein–cell surface integrin binding
sites, deform gap junctions containing calcium-sensitive
stretch receptors, alter ion channel permeability and lead
to activation of anabolic or catabolic factors (Leipzig
and Athanasiou, 2007; Silver and Siperko, 2003). These
cellular changes can trigger intracellular pathways that
can influence cell division as well as the regulation of
genes that synthesize ECM molecules (Silver and Siperko,
2003). In this experiment, tensile forces appeared to
dedifferentiate MCs and ACs cultured in rough wells
towards a fibroblastic lineage, a phenomenon that has
been observed previously with mesenchymal stem cells
(Altman et al., 2002). Increases were observed in collagen
I relative to collagen II production and decreases were
observed in GAG production in rough wells when
compared to ECM produced in smooth wells. It has been
previously shown with TMJ disc fibrochondrocytes that
dedifferentiation of cells can also lead to enhanced cell
division and proliferation (Allen and Athanasiou, 2007).
Thus, cell dedifferentiation due to the external mechanical
stimulus likely contributed to increased cell number and
decreased cartilaginous matrix production in constructs
cultured on rough surfaces.
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This experiment utilized a co-culture of primary bovine
MCs and ACs. Through this approach, large quantities of
collagen II and GAG were obtained, both of which are
important ECM molecules present in the inner regions
of the rabbit meniscus. Primary cells were chosen since
passaged MCs and ACs dedifferentiate in monolayer and
express high levels of collagen I, and low levels of collagen
II and aggrecan (Darling and Athanasiou, 2003; Gunja
and Athanasiou, 2007). Bovine cells were judiciously
chosen to recreate the rabbit meniscus since they are
an easily available cell source that can be harnessed
to develop meniscus tissue-engineering technologies. In
addition, bovine cells may also be considered as a
potential xenogenic cell source for leporine meniscus
tissue engineering. For this approach to be successful
in vivo, a battery of tests will need to be conducted
in vitro and in vivo to ensure the cells do not elicit a
humoral or cell-mediated immune response. A number of
in vivo studies have examined the potential of xenogenic
implantation of cartilage or chondrocytes and have noted
a lack of immune response (Ramallal et al., 2004; van
Susante et al., 1999; Yan and Yu, 2007). Furthermore,
chondrocytes did not induce T cell proliferation in an
in vitro model (Jobanputra et al., 1992). Although in
future animal studies a humoral response would likely not
be of concern due to expression of α-galactosyl epitopes
in both leporine and bovine species (Galili, 2005), care
should be taken to address this ECM epitope for clinical
translation.
To enhance the clinical translatability of our approach,
as well as to modulate the phenotype of cells during
culture, this experiment utilized a serum-free medium to
grow meniscus-shaped constructs. Previous studies have
shown that serum-free medium-containing additives, such
as ITS+ and dexamethasone, can significantly enhance
GAG production in ACs (Adkisson et al., 2001; Chua
et al., 2005). We have also obtained similar results in
a previous study comparing serum-containing and serumfree medium (Hoben and Athanasiou, 2008). Co-cultures
of MCs and ACs (50 : 50), grown in cylindrical moulds
using a similar scaffoldless approach, were found to
contain higher levels of GAG in constructs in serumfree medium when compared to those cultured in
serum-containing medium. In addition, total collagen
was increased and the collagen I : collagen II ratio was
decreased when comparing serum-free culture to serumcontaining culture. This showed that the matrix was
more cartilaginous in nature when cultured in serumfree conditions. Our results utilizing the elliptical mould
design were even more dramatic, with greater amounts
of total collagen II produced than collagen I. Specifically,
collagen II levels surpassed collagen I levels by at least
10 times in constructs cultured in rough wells and up to
27 times in constructs cultured in smooth wells. This was
an exciting result, especially since the inner region rabbit
meniscus contains a high amount of collagen II. In future
work, AC : MC ratios can be modified to attain the correct
levels of each type of collagen in the construct.
Copyright  2009 John Wiley & Sons, Ltd.
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While recapitulating the geometric shape of the
meniscus is an important component of a meniscus tissueengineering strategy, the functional properties of the
engineered construct are also an effective assessment tool.
Examination of the structure–function relationships of
the constructs showed that increased GAG levels resulted
in increased compressive stiffness of the constructs,
while increased collagen content resulted in increased
tensile stiffness of the construct. It was exciting to
note that the self-assembled menisci exhibited properties
on a par with native meniscus values. For example,
GAG levels per wet weight (∼5–6%) were similar to
those of the native rabbit meniscus (∼3–4%). Collagen
levels per wet weight (8–13%) were, in general, lower
than native values (∼23%) (Sweigart and Athanasiou,
2001). Compressive stiffness of constructs cultured in
2% agarose smooth wells (∼120 kPa) mimicked that of
the outer regions of the rabbit meniscus (∼120 kPa),
although the compressive properties of the inner meniscus
are four times higher (∼510 kPa). In terms of tensile
properties, the highest tensile stiffness (∼1 MPa) and UTS
(∼0.25 MPa) were observed in the 1% agarose smooth
wells. These results were corroborated by polarized light
micrographs showing most prominent collagen alignment
in this group. In spite of this, the tensile values obtained
were two orders of magnitude below those of native
tissue (Sweigart and Athanasiou, 2005). Thus, future
work will need to investigate strategies to enhance the
tensile properties of the constructs without comprising
their compressive properties.
It is difficult to determine the adequacy of the
biomechanical properties of engineered cartilage aimed
at tissue replacement due to the lack of studies correlating
mechanical integrity to successful in vivo application. The
major deficiency of the meniscus constructs formed in
this study, and other scaffoldless cartilage engineering
attempts, are the tensile properties. However, with proper
stimulation these properties may be enhanced to approach
native values. For example, by applying a deadweight to
the construct within the well, the tensile modulus can
be increased by 40% (Elder and Athanasiou, 2008a).
Also, recent reports have shown that C-ABC application
has been able to increase the tensile modulus by 70%
(Natoli et al., 2009). TGFβ1, hydrostatic pressure and the
combination have all shown success at enhancing tensile
properties. TGFβ1 alone and hydrostatic pressure alone
increases the tensile modulus by 100%. The combination
of these two stimuli resulted in a construct tensile
moduli three times greater than culture controls (Elder
and Athanasiou, 2008b). Therefore, while the properties
reported in this study may not be ideal for implantation,
future work aimed at selecting appropriate stimuli for
meniscus constructs should be able to greatly enhance
the biomechanical properties. However, it should be
emphasized that it is still unclear whether our tissueengineering objective should be to achieve construct
properties identical to those of the native tissue. It may be
that upon implantation constructs with inferior properties
may rapidly integrate with adjacent tissue and achieve
J Tissue Eng Regen Med 2009; 3: 521–530.
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native tissue values. More in vivo studies need to be
performed to investigate this issue.
In conclusion, a smooth mould made of 1% agarose
was able to create geometrically-mimetic meniscus
constructs for meniscus tissue engineering using a
scaffoldless approach. Rough wells inhibited construct
buckling but resulted in uneven-shaped constructs. Stark
changes were observed in ECM components among
groups, with smooth wells enhancing cartilaginous
markers such as GAG and collagen II, and rough wells
enhancing the fibroblastic marker collagen I. Overall, this
work presents an effective strategy for knee meniscus
tissue engineering using a self-assembly, scaffoldless
process to create constructs approaching the geometrical,
biochemical and biomechanical properties of the native
meniscus.
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