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a b s t r a c t
The development of functionally equivalent ﬁbrocartilage remains elusive despite efforts to engineer tissues such as knee meniscus, intervertebral disc and temporomandibular joint disc. Attempts to engineer
these structures often fail to create tissues with mechanical properties on a par with native tissue, resulting in constructs unsuitable for clinical applications. The objective of this study was to engineer a spectrum of biomimetic ﬁbrocartilages representative of the distinct functional properties found in native
tissues. Using the self-assembly process, different co-cultures of meniscus cells and articular chondrocytes were seeded into agarose wells and treated with the catabolic agent chondroitinase-ABC (C-ABC)
and the anabolic agent transforming growth factor-b1 (TGF-b1) via a two-factor (cell ratio and bioactive
treatment), full factorial study design. Application of both C-ABC and TGF-b1 resulted in a beneﬁcial or
positive increase in the collagen content of treated constructs compared to controls. Signiﬁcant increases
in both the collagen density and ﬁber diameter were also seen with this treatment, increasing these values by 32 and 15%, respectively, over control values. Mechanical testing found the combined bioactive
treatment to synergistically increase the Young’s modulus and ultimate tensile strength of the engineered ﬁbrocartilages compared to controls, with values reaching the lower spectrum of those found
in native tissues. Together, these data demonstrate that C-ABC and TGF-b1 interact to develop a denser
collagen matrix better able to withstand tensile loading. This study highlights a way to optimize the tensile properties of engineered ﬁbrocartilage using a biochemical and a biophysical agent together to create
distinct ﬁbrocartilages with functional properties mimicking those of native tissue.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Fibrocartilage is uniquely situated within speciﬁc joint spaces of
the body to facilitate the distribution of peak loads. Viscoelastic in
nature, this tissue is capable of deforming its shape to effectively
spread loads across a greater surface area. Found, for example, in
the knee, intervertebral, and temporomandibular joints (TMJs),
ﬁbrocartilage is distinctively situated to allow for congruent meshing of the articulating structures within these joint spaces, ensuring
smooth, stable articulation and stress absorption [1–3]. However,
ﬁbrocartilage lacks an innate ability to self-repair following disease
or injury. With a lack of clinically available treatment options for
patients suffering from injured or diseased ﬁbrocartilage, the need
for an effective remedy is crucial. Fibrocartilages engineered in vitro
offer new hope as a long-term treatment option to repair or replace
injured or degenerated ﬁbrocartilaginous tissues.
Collagens make up the majority of the extracellular matrix
(ECM) of a ﬁbrocartilaginous tissue. Within a speciﬁc ﬁbrocartilage,
these collagen ﬁbers align with the peak tensile loads in a given
⇑ Corresponding author. Tel.: +1 530 754 6645; fax: +1 530 754 5739.
E-mail address: athanasiou@ucdavis.edu (K.A. Athanasiou).

joint space, situating the tissue to best distribute complex forces.
While ﬁbrocartilages are primarily composed of collagen type I,
they also contain lower amounts of collagen type II, as well as glycosaminoglycans (GAG). The levels at which these main ECM components are found are characteristic of the anatomical location and
function. The heterogeneous distribution and organization of ECM
result in anisotropic biomechanical properties speciﬁc to each
ﬁbrocartilage type. Efforts to tissue engineer ﬁbrocartilages able
to withstand the mechanical complexity of a joint space must
therefore focus on creating a well-developed, collagen-rich matrix.
Capitalizing on chondrocytes’ unique ability to form dense,
ECM-rich clusters when seeded at high densities, a scaffold-free,
self-assembly approach to cartilage tissue engineering has been
developed [4]. With primary TMJ disc and intervertebral disc cells
presenting as an implausible cell source due to limited cell numbers in the tissue, as well as low levels of matrix production
in vitro, this technology has recently been extended to co-cultures
of varying ratios of meniscus cells (MCs) and articular chondrocytes (ACs), allowing for the formation of a spectrum of ﬁbrocartilages [5–7]. While current efforts to tissue engineer ﬁbrocartilage
have succeeded in creating constructs with compressive properties
on a par with native tissue values, tensile properties have lagged
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behind greatly [7–11]. This is a signiﬁcant problem for ﬁbrocartilages, as they function under both compression and tension. For instance, resistance to compression in the knee meniscus occurs via
tensile, hoop stresses developed in the wedged-shape of this tissue.
Likewise, tension–compression is also observed in the TMJ disc [1].
Here, ligaments around the periphery of the disc secure the tissue
within in the joint space, and as the condyle translates during jaw
opening, it compresses the disc, causing inherent tension much like
that of a trampoline [12]. Exogenous stimuli such as transforming
growth factor-b1 (TGF-b1) and chondroitinase-ABC (C-ABC) have
therefore been investigated to enhance the tensile properties of
self-assembled, engineered ﬁbrocartilages [7,13–15].
Previous work with C-ABC has shown that this enzyme’s temporary depletion of GAG enhances the tensile properties of treated
articular cartilage explants [16]. It has also been shown that there
is a window of effectiveness for C-ABC’s application; applying CABC at both t = 2 weeks and t = 4 weeks of culture is superior to a
single treatment at either time point for enhancing the tensile
properties of tissue-engineered articular cartilage [15]. In another
study, tissue-engineered meniscus cartilage was treated with CABC at an earlier time point to determine if treating a more immature matrix would have a greater effect on tissue development, as
chondrocytes produce the majority of their matrix during the ﬁrst
week of self-assembly [17]. Results found a single, early application of C-ABC at t = 1 week to be beneﬁcial in enhancing the tensile
properties of the tissue [13].
Recent work has shown that concurrent application of C-ABC
and TGF-b1 results in further enhancement of the mechanical
properties of tissue-engineered cartilage compared to treatment
with either agent alone [13,18]. Application of these two agents
on tissue-engineered neocartilage was found to synergistically increase collagen content and additively increase the tissue’s tensile
strength [18]. In a separate study, engineered meniscus ﬁbrocartilage experienced a 5-fold increase in the radial tensile modulus as
well as a 196% increase in collagen content after being treated with
both C-ABC and TGF-b1 [13]. By depleting GAG, C-ABC releases
GAG fragments, such as hyaluronic acid fragments, into the tissue,
and such fragments have been reported to have an anabolic effect
on surrounding cells [19]. Microarray analysis of self-assembled
articular cartilage treated with C-ABC, however, has found no
changes in gene expression as a result of this treatment, suggesting
that the GAG fragments are being effectively removed from the tissue [18]. Further, inspection of C-ABC-treated engineered articular
cartilage via scanning electron microscopy (SEM) has found C-ABC
to work via a biophysical mechanism, through altering the physical
structure of a collagen network. Microarray analysis work has also
found that TGF-b1 promotes chondrocytes to synthesize more ECM
through a mitogen-activated protein kinase biochemical pathway
[18]. It was concluded that these bioactive agents are able to collaboratively increase the functional properties of tissue-engineered
cartilage because they act via different mechanisms: one being biophysical, the other biochemical. With previous work on enhancing
the functional properties of a spectrum of engineered ﬁbrocartilage
focused on TGF-b1 alone, it is important to institute both TGF-b1
and C-ABC with the goal of further enhancing the functional properties of such tissues.
The overall objective of this study was to generate biomimetic
ﬁbrocartilages representative of the vast array of distinct ﬁbrocartilages found in the body. Given the previous success of engineering such tissues with compressive properties on a par with native
tissue values, this study emphasized enhancing the tensile properties of engineered ﬁbrocartilage. To capture the heterogeneous nature of the different types of ﬁbrocartilage, a spectrum of
ﬁbrocartilaginous tissues was generated using the self-assembly
process and optimized using C-ABC and TGF-b1 alone or in combination. Tissues having different ratios of MCs and ACs were created
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to recapitulate the diversity of collagen type I to collagen type II
found in ﬁbrocartilages. After optimizing a C-ABC treatment regimen, tissues were treated with the bioactive agents C-ABC and
TGF-b1 using a two-factor, full factorial study design with cell ratio
and bioactive treatment as the factors. Overall, it was hypothesized
that the combination of C-ABC and TGF-b1 would signiﬁcantly increase the tensile properties of each of the co-culture constructs
without compromising their compressive properties. It was further
hypothesized that, by increasing the tensile properties, the combined bioactive treatment regimen would generate co-culture
ratio-dependent ﬁbrocartilages having distinct functional properties within the range of native tissue.
2. Materials and methods
2.1. Cell isolation and self-assembly into ﬁbrocartilage constructs
Bovine articular chondrocytes and meniscus cells were harvested from juvenile bovine knee joints (Research 87, Boston,
MA). Minced articular cartilage was digested in a base medium
comprising Dulbecco’s modiﬁed Eagle’s medium (DMEM) with 1%
penicillin/streptomycin/fungizone (PSF) containing 0.2% collagenase (Worthington, Lakewood, NJ) for 18 h. Minced menisci were
digested in base medium containing 0.25% Pronase E (Sigma, St.
Louis, MO) for 1 h prior to the 18 h in 0.2% collagenase-containing
base medium. Isolated cells were frozen in base medium containing 20% fetal bovine serum and 10% dimethyl sulfoxide until
needed for seeding.
Cells were self-assembled at 50:50 and 75:25 MC:AC co-culture
ratios as previously described [4,7]. Based on preliminary work, a
100:0 MC:AC cell ratio was not used in this study, as neither CABC nor TGF-b1 alone or in combination was found to have a signiﬁcant effect on this cell ratio, resulting in constructs with subpar functional properties compared to constructs containing both
MCs and ACs. Brieﬂy, MC and AC cell suspensions were seeded into
5 mm diameter, 2% agarose wells at t = 0 h. By t = 4 h, the cells had
assembled into constructs. Constructs were fed 500 ll of chondrogenic medium, consisting of DMEM, 1% PSF, 1% non-essential amino acids, 100 nM dexamethasone (Sigma, St. Louis, MO), 1%
ITS+(BD Scientiﬁc, Franklin Lakes, NJ), 40 lg ml 1 L-proline,
50 lg ml 1 ascorbate-2-phosphate and 100 lg ml 1 sodium pyruvate (Fischer Scientiﬁc, Pittsburgh, PA), every day. At t = 1 week,
constructs were removed from the agarose molds and placed into
48-well plates for the duration of the 5 week culture period.
2.2. Bioactive treatment regimens
Two bioactive agents were investigated in this study: C-ABC
(Sigma–Aldrich, St. Louis, MO) and TGF-b1 (PeproTech, Rocky Hill,
NJ). Constructs treated with C-ABC received 2 U ml 1 C-ABC with a
0.05 M acetate activator in chondrogenic medium for 4 h at 37 °C
once at t = 7 days and again at t = 21 days. This dual C-ABC treatment was developed in preliminary studies to conﬁrm that this
regimen was superior to a single treatment at either time point
for enhancing the tensile properties of the tissue-engineered ﬁbrocartilage. In TGF-b1-treated constructs, TGF-b1 was given continuously at 10 ng ml 1 with every medium change from t = 0 h to the
end of culture [7]. To investigate the interaction of these bioactive
agents, treatments consisted of the following: C-ABC alone, TGF-b1
alone, the two bioactive agents combined or none. At t = 5 weeks,
each construct was segmented for various assessments, as
described below.
2.3. Histology and immunohistochemistry (IHC)
Samples were frozen in HistoPrep (Fisher Chemical, Vernon
Hills, IL), sectioned at 12 lm, ﬁxed in chilled formalin and stained
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with Safranin O/Fast Green and picrosirious red for GAG and total
collagen, respectively. For IHC, sections were ﬁxed in chilled acetone, after which endogenous peroxidase was blocked using 3%
H2O2. Samples were then blocked with horse serum (Vectastain
ABC kit, Vector Labs, Burlingame, CA) and incubated with mouse
anti-collagen type I (Accurate Chemicals, Westbury, NY) or rabbit
anti-collagen type II (Cedarlane Labs, Burlington, NC) antibodies.
Corresponding secondary antibodies as well as the Vectastain
ABC and DAB solutions were applied as instructed by the manufacturer for collagen visualization.
2.4. Quantitative biochemistry
Sample wet weights were taken after blotting, followed by
lyophilization for t = 2 days to determine their dry weights. Samples were then digested in papain as previously described [13]. Total collagen was assessed using a chloramine-T hydroxyproline
assay with a SIRCOL collagen assay standard (Accurate Chemicals,
Westbury, NY). GAG content was determined using a dimethylmethylene blue dye-binding assay kit (Biocolor, Newtownabbey,
UK). DNA content was measured using a Picogreen Cell Proliferation Assay Kit (Molecular Probes, Eugene, OR).
2.5. Biomechanical testing
Uniaxial, unconﬁned stress-relaxation compressive testing was
applied on 3 mm biopsy punches from the center of the tissueengineered constructs. Samples were placed in a PBS-ﬁlled Petri
dish and loaded onto the stage of an Instron uniaxial testing machine (Model 5565, Canton, MA). Sample height was determined
by applying a 0.02 N tare load. Following preconditioning at a 5%
strain for 15 cycles at 1 Hz, the sample was compressed at a strain
rate of 1% s 1 to 10, 20 and 30% strains. Samples were held at a
given strain for 400 s, which allowed sufﬁcient time for the force
vs. time curve of each strain level to equal zero, signifying that
the sample had fully relaxed. Following this holding time, the next
sequential strain level was applied. A Kelvin solid model was used
to ﬁt the results of the 20% stress-relaxation test and to calculate
the viscoelastic material properties of the samples; this included
the relaxation and instantaneous moduli, as well as the viscosity
of the tissue.
Uniaxial tensile testing was also conducted using the Instron.
Constructs were cut into dog-bone shapes and glued onto strips
of paper at either extremity. The gauge length was measured
between the glued ends. The paper strips holding the sample were
loaded into grips, and a pull to failure test was applied at a strain
rate of 1% s 1. The linear portion of the stress vs. strain curve
was used to determine the Young’s modulus of the sample, while
the peak of the linear region was taken as the ultimate tensile
strength (UTS).
2.6. SEM
Samples were dehydrated in increasing ethanol and stored in
100% ethanol at 4 °C. Just prior to imaging, samples were further
dehydrated using a critical point dryer and sputter-coated with
gold. For each sample, three separate locations were imaged using
a Philips XL30 TMP scanning electron microscope, and collagen
matrix ﬁber density and diameter were quantiﬁed using ImageJ
as previously described [18].
2.7. Statistical analysis
To test the hypothesis that the combined bioactive treatment
was a signiﬁcant factor in increasing the functional properties
within a given cell ratio, a one-way analysis of variance (ANOVA;

n = 8 per group) was used within each cell ratio. Results of the
one-way ANOVA for the 50:50 cell ratio are represented by uppercase letters, while those of the 75:25 cell ratio are represented by
lowercase letters. Separately, to test the hypothesis that the cell ratio and the bioactive treatments were both signiﬁcant factors in
altering construct composition, a two-way ANOVA (n = 8 per
group) was used to analyze the data. When either the one- or
two-way ANOVA showed signiﬁcance (p < 0.05), a Tukey’s HSD
post hoc test was applied. Data that had a positive interaction on
an additive scale and resulted in a combined group that was greater than the addition of the two singular treatments were determined to be synergistic, while those that had a negative
interaction on an additive scale but resulted in a combined group
that was greater than either treatment alone were determined to
be beneﬁcial or positive. Data for this study are represented as
mean ± standard deviation, with bars or groups marked by the
same letter having no signiﬁcant differences, while those that are
marked by different letters are signiﬁcantly different from one
another.
3. Results
3.1. Gross morphology
At t = 5 weeks, all constructs maintained a ﬂat, disc-shaped
morphology (Fig. 1). However, as the ratio of MCs to ACs increased,
construct diameter, thickness and total wet weight decreased
(Table 1). Treated constructs from the 50:50 cell ratio group had
signiﬁcantly lower wet weights, diameters and thicknesses compared to untreated controls. For example, when treated with both
C-ABC and TGF-b1, the wet weight, diameter and thickness of the
50:50 constructs were decreased by 66, 24 and 29%, respectively.
Similar, decreasing trends were seen in 75:25 constructs, though
TGF-b1 alone signiﬁcantly increased the wet weight by 12% compared to controls within this cell ratio. Further, all bioactive treatments increased the thickness of the 75:25 constructs compared to
controls. In terms of construct hydration, combination-treated
constructs of both cell ratio groups had signiﬁcantly decreased
water content compared to controls or either treatment alone, signifying a denser matrix in the combination-treated groups. These
results are summarized in Table 1.
3.2. Histology and IHC
Overall, collagen and GAG staining were stronger in the 50:50
compared to the 75:25 cell ratio constructs. Staining trends within
each cell ratio were similar, however, with the combined bioactive
treatment resulting in more uniform, dense collagen and GAG
staining compared to all other treatments for both cell ratios
(Fig. 1).
To test whether the cell ratio and bioactive treatment factors
had an effect on the collagens being produced within a construct,
IHC staining speciﬁcally for collagen types I and II was performed
(Fig. 1). IHC staining showed distinct trends to occur among the
bioactive treatment levels within each cell ratio. Collagen type I
stained positive in the control treatment within the 50:50 cell ratio
group, while 50:50 constructs treated with C-ABC alone or in combination with TGF-b1 had much lighter, diffuse collagen type I
staining. The 75:25 cell ratio group had positive collagen type I
staining in all bioactive treatment levels, with stronger staining
appearing in the combination-treated constructs. Collagen type II
staining was positive at all treatment levels for each cell ratio.
Overall, collagen type II staining was slightly more intense in the
50:50 than the 75:25 cell ratio, particularly within the C-ABC-treated and combination-treated constructs.
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Fig. 1. Gross morphology, histology and IHC of constructs at t = 5 weeks. Fibrocartilage was treated with C-ABC alone, TGF-b1 alone, the two agents combined, or left
untreated (control). Collagen was stained for using picrosirious red and GAG was stained for using Safranin O/Fast Green, while IHC was used to stain for collagen types I and
II. Collagen and GAG staining was stronger in the 50:50 constructs, with the combined treatment producing constructs with the most uniform staining in both cell ratios. IHC
staining showed different patterns of collagen types I and II between cell ratios as well as among bioactive treatments within each cell ratio. The scale bar for the histology
and IHC images is 500 lm, and the markings on the morphology images are 1 mm apart.

Table 1
Construct properties at t = 5 weeks.
Cell ratio (MC:AC)

Bioactive treatment

Wet weight (mg)
A

Hydration (%)
A

Diameter (mm)

Thickness (mm)

A

A

Cells per construct (106)

50:50

None
C-ABC
TGF-b1
Combined

30.19 ± 1.49
12.38 ± 1.10C
17.35 ± 1.25B
10.16 ± 0.17D

87.25 ± 1.45
85.47 ± 0.68B
84.89 ± 0.66B
82.72 ± 0.64C

6.67 ± 0.10
5.61 ± 0.11B
5.72 ± 0.18B
5.08 ± 0.06C

0.61 ± 0.08
0.33 ± 0.04C
0.46 ± 0.05B
0.44 ± 0.06B

3.05 ± 0.40A
0.94 ± 0.23B
3.28 ± 0.30A
0.86 ± 0.33B

75:25

None
C-ABC
TGF-b1
Combined

13.44 ± 0.80b
8.76 ± 0.16c
15.00 ± 0.52a
7.87 ± 0.43c

88.40 ± 2.10a
86.80 ± 0.92ab
86.02 ± 0.82b
82.00 ± 1.25c

5.20 ± 0.11a
4.68 ± 0.09c
4.99 ± 0.10b
4.24 ± 0.06d

0.44 ± 0.06c
0.47 ± 0.09c
0.79 ± 0.04a
0.66 ± 0.06b

1.95 ± 0.18a
1.33 ± 0.07b
2.15 ± 0.41a
1.33 ± 0.11b

Values marked with different letters within each category are signiﬁcantly different (p < 0.05), with A > B > C.

3.3. Quantitative biochemistry
The number of cells per construct was signiﬁcantly decreased
with the addition of C-ABC alone or in combination with TGF-b1,
while control and TGF-b1-treated constructs were not signiﬁcantly
different from each other. Overall, the 50:50 cell ratio had higher
cellularity within the control and TGF-b1 treatments, at approximately 3 million cells per construct, while the 75:25 control and
TGF-b1 treatments had approximately 2 million cells per construct.
Following treatment with either C-ABC alone or the combination
treatment, the cell number decreased by 70% in the 50:50 cell ratio
and by 32% in the 75:25 cell ratio (Table 1).
Collagen/WW Collagen per wet weight (col/WW) (Fig. 2A) in
the 50:50 cell ratio constructs was signiﬁcantly affected by the various bioactive treatments employed in this study. C-ABC increased
col/WW 40% over control values, while a 60% increase over
controls was measured in TGF-b1-treated constructs. When the
two bioactive agents were combined, the collagen content was increased by 80% over control constructs. Furthermore, in the
combined treatment, the two factors were found to result in a beneﬁcial or positive signiﬁcant enhancement of the collagen content
in the 50:50 cell ratio compared to treatment with either bioactive
agent alone. A similar signiﬁcant effect was observed for col/WW
in the 75:25 cell ratio, with values increasing 104% in combination-treated constructs over controls. Comparison between the

two cell ratios found the 50:50 cell ratio factor to have signiﬁcantly
more col/WW compared to the 75:25 cell ratio, while the
C-ABC + TGF-b1 treatment factor resulted in signiﬁcantly higher
col/WW than any other treatment factor across both cell ratios.
GAG per wet weight (GAG/WW) (Fig. 2B) was signiﬁcantly decreased in combination-treated 50:50 and 75:25 cell ratios compared to controls. GAG content was signiﬁcantly greater in the
75:25 cell ratio constructs, ranging from approximately 4 to 6.5%,
compared to the 50:50 cell ratio constructs, which ranged from
approximately 2 to 5%. Within the bioactive treatment factor, the
combined bioactive treatment had signiﬁcantly less GAG than controls or TGF-b1-treated constructs.
3.4. Biomechanics
Biomechanical testing was carried out to understand the inﬂuence of the cell ratio and bioactive treatment factors on the
mechanical properties of the engineered ﬁbrocartilages (Table 2).
Similar trends in compressive properties were found among all
tested strain levels; therefore, only the 20% strain level results
are shown to represent these properties. Stress-relaxation, unconﬁned compression testing at 20% strain showed no signiﬁcant differences among treatments within the 50:50 cell ratio for the
relaxation modulus, with values ranging from 95 ± 16 to
125 ± 40 kPa. The relaxation modulus for the combination-treated
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Fig. 2. Biochemical properties of constructs at t = 5 weeks. Fibrocartilage was treated with C-ABC alone, TGF-b1 alone, the two agents combined, or left untreated (control).
Col/WW (A) exhibited signiﬁcance among bioactive treatments, with constructs from both cell ratios having the greatest collagen content in the combined treatment. C-ABC
and TGF-b1 signiﬁcantly increased the collagen content in the 50:50 constructs in a beneﬁcial or positive manner. Bioactive treatments signiﬁcantly decreased GAG/WW (B)
compared to controls. Bars not connected by the same letter are signiﬁcantly different (p < 0.05).

constructs within the 75:25 cell ratio was signiﬁcantly lower than
controls, at 40 ± 14 kPa compared to 57 ± 8 kPa. Signiﬁcant differences were observed among treatments within both cell ratios
for the instantaneous modulus and viscosity. At a 20% strain, the
instantaneous modulus in TGF-b1-treated constructs was 5- and
2.4-fold higher in the 50:50 and 75:25 cell ratios compared to
the respective controls, while similar increases were observed in
the viscosity. The combination treatment within either cell ratio,
however, was not signiﬁcantly different to the corresponding control values, although they trended higher than their respective
controls.
Tensile testing showed the most exciting results of this study
(Fig. 3). With signiﬁcant effects in response to bioactive treatments
for both the Young’s modulus (Fig. 3A) and the UTS (Fig. 3B), results
mirrored those observed for the col/WW data for each cell ratio.
Compared to controls, within the 50:50 cell ratio, C-ABC increased
the Young’s modulus by 226%, while TGF-b1 increased this parameter by an additional 237%. The combined treatment further increased the Young’s modulus by an additional 260%. Overall, the
combined treatment synergistically increased the Young’s modulus
by 724% compared to controls, from 414 ± 121 kPa in the controls to
3410 ± 706 kPa in the combination-treated constructs. In a similar
fashion, the UTS in the combination-treated constructs was 12.7fold higher than control values in the 50:50 cell ratio. Within the
75:25 cell ratio, a 208% increase was observed by the combination
treatment over controls, reaching a value of 2295 ± 241 kPa in the
combination-treated constructs, while the UTS in the combina-

tion-treated constructs was 4.1-fold higher than that of controls.
Overall, the combined treatment was found to additively increase
the Young’s modulus and UTS compared to either treatment applied alone, while the 50:50 cell ratio factor had signiﬁcantly higher
tensile properties than the 75:25 cell ratio factor.
3.5. SEM
With the 50:50 cell ratio showing the greatest percent increases
among bioactive treatments for the col/WW and tensile properties,
portions of constructs representative of each treatment within this
cell ratio were analyzed by SEM to investigate if the different treatments were altering the matrix. The resulting images were quantiﬁed for ﬁber density and diameter (Fig. 4). Overall, the ﬁber density
in the SEM images ranged from 75 to 80%, while the ﬁber diameter
ranged from 34 to 50 nm. C-ABC treatment was found to signiﬁcantly increase the density of the ﬁbers (by 10.2%) over controls,
while TGF-b1 alone had no effect on the density. For the diameters,
TGF-b1 alone was found to signiﬁcantly increase the ﬁber diameter
(by 18.4%) over control values, although C-ABC alone decreased the
ﬁber diameter by 9.3%. Interestingly, when constructs were treated
with C-ABC and TGF-b1 in combination, both the ﬁber diameter
and the density increased (by 31.9 and 15.0%, respectively) compared to controls (Fig. 4). Further, these increases were greater
than either treatment alone, signifying a synergistic behavior between these two agents in modifying the collagen network
organization.

Table 2
Construct viscoelastic compressive properties at t = 5 weeks.
Cell ratio (MC:AC)

Bioactive treatment

Relaxation modulus (kPa)
A

Instantaneous modulus (kPa)
C

50:50

None
C-ABC
TGF-b1
Combined

52.10 ± 32.8
71.33 ± 26.5A
86.10 ± 40.0A
63.90 ± 10.9A

190.18 ± 95.0
650.01 ± 189.8B
933.70 ± 131.1A
397.14 ± 112.7C

75:25

None
C-ABC
TGF-b1
Combined

70.40 ± 28.5a
51.21 ± 19.1ab
44.56 ± 10.2ab
30.02 ± 15.6b

451.58 ± 122.6bc
243.3 ± 82.4c
748.53 ± 237.7a
497.48 ± 146.6b

Viscosity (kPas)
7742.06 ± 4695.0B
14403.08 ± 1682.7B
22395.50 ± 3986.2A
11072.00 ± 3941.8B
6833.66 ± 2493.9ab
2681.81 ± 1918.6c
7747.91 ± 1876.5a
4230.19 ± 1704.8bc

Fibrocartilage was treated with C-ABC alone, TGF-b1 alone, the two agents combined, or left untreated (control). The relaxation modulus showed no signiﬁcant differences in
the 50:50 constructs, but was signiﬁcantly decreased in the combination-treated 75:25 constructs compared to controls. The instantaneous modulus and viscosity was
highest in the TGF-b1 alone treatment for both cell ratios. Values marked with different letters within each category are signiﬁcantly different (p < 0.05), with A > B > C.
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Fig. 3. Tensile properties of constructs at t = 5 weeks. Fibrocartilage was treated with C-ABC alone, TGF-b1 alone, the two agents combined, or left untreated (control). The
Young’s modulus (A) and UTS (B) exhibited signiﬁcance among bioactive treatments, corresponding to the trends in collagen content (Fig. 2A). Constructs from both cell ratios
had the greatest collagen content and tensile properties with the combined treatment. C-ABC and TGF-b1 together synergistically increased the Young’s modulus and UTS of
the 50:50 constructs. Bars not connected by the same letter are signiﬁcantly different (p < 0.05).

Fig. 4. SEM analysis of 50:50 ﬁbrocartilage constructs at t = 5 weeks, with images of control, C-ABC-treated, TGF-b1-treated and C-ABC + TGF-b1-treated constructs. To
measure collagen ﬁbril diameter and density, three locations on three ﬁbrocartilage constructs from each bioactive treatment level were quantiﬁed. The results found C-ABC
to signiﬁcantly increase the collagen density, while C-ABC + TGF-b1 signiﬁcantly increased the collagen ﬁbril diameter over all other treatments. Bars not connected by the
same letter are signiﬁcantly different (p < 0.05). The scale bar is 1 lm.

4. Discussion
This study focused on generating distinct tissue-engineered
ﬁbrocartilages by treating different MC:AC co-culture ratios with
the bioactive agents C-ABC and TGF-b1. It was hypothesized that
the combined use of C-ABC and TGF-b1 would signiﬁcantly increase the tensile properties of the co-culture ratio constructs
without compromising their compressive properties. Through
enhancing their tensile properties, it was further hypothesized that
the combined bioactive treatment regimen would promote the
development of biomimetic ﬁbrocartilages having co-culture ratio-dependent biochemical and biomechanical properties within
the range of native tissue. Through a two-factor, full factorial study
design, the hypotheses were conﬁrmed. First, the tensile properties
of the engineered tissues for both cell ratio groups were signiﬁcantly enhanced when C-ABC and TGF-b1 stimuli were combined.

The compressive properties of the 50:50 cell ratio were also not
compromised, unlike the 75:25 cell ratio, which showed a reduction in the relaxation modulus. Second, by enhancing the tensile
properties of the co-cultures, overall construct functional properties fell within the range of native tissue properties for both cell ratio groups by the combined bioactive treatment.
Fibrocartilages generated from different seeding ratios of MCs
and ACs were found to have distinct functional properties. This
can be correlated with each cell type having different synthetic
abilities in vitro. In culture, MCs have been found to produce lower
amounts of ECM components compared to ACs. For example, MCs
embedded in agarose were found to synthesize 25% less proteoglycans than ACs in the same system. Furthermore, of this 25%,
approximately 54% of the GAG synthesized by the MCs were lost
to the surrounding medium [20]. Medium was not assessed in this
experiment as some treatments in this study (i.e. all that contained
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C-ABC) work by causing ECM components to leach out of the constructs. Therefore the media of the different treatments are not
comparable. In a separate study, the genes encoding for the proteoglycans, collagens and enzymes important for collagen synthesis
and degradation were measured. Results showed that signiﬁcantly
lower expression levels of a1(I) procollagen, a1(II) procollagen,
procollagen–lysine 2-oxoglutarate 5-dioxygenase 1, 2 and 3, and
lysyl oxidase genes were measured in freshly isolated MCs than
in freshly isolated ACs. In contrast, higher expression of the matrix
metallopeptidase 13 gene, a member of the matrix metalloproteinase family, was measured in MCs after 18 days of culture in alginate beads [21,22]. These ﬁndings provide much insight into why
MCs alone may not be suitable for producing mechanically sound
engineered ﬁbrocartilaginous tissues; without a well-developed
matrix, the mechanical integrity of a tissue will be compromised.
As shown by this study, incorporating a certain percentage of
ACs into co-culture with MCs allows for mechanically robust ﬁbrocartilages having different functional properties to be produced.
The biophysical effect of C-ABC is dependent on its ability to
temporarily deplete GAG, which ultimately allows for the formation of a more functional collagen network with greater tensile
strength [18]. Immature cartilage explants were found to experience an imbalance in the normal GAG:collagen ratio when grown
in vitro, resulting in a loss of tensile properties [23]. A more physiological GAG:collagen ratio was reinstated following treatment
with C-ABC, which recovered the loss of tensile properties
[16,23]. Such studies have led researchers to believe that an imbalance between GAG and collagen occurring in in vitro cartilage
growth induces a pre-stress in the tissue, altering the tissue’s
mechanical properties. This theory may apply to tissue-engineered
ﬁbrocartilages, which tend to have higher than normal GAG levels
compared to their native tissue counterparts. This, in turn, will alter the engineered tissue’s GAG:collagen ratio, causing an unnatural pre-stress in the developing matrix of the tissue that may affect
its ability to form a mechanically robust matrix. By simultaneously
increasing the collagen content while decreasing the GAG content,
treatment with C-ABC reinstates a more physiological GAG:collagen ratio in engineered ﬁbrocartilages. By signiﬁcantly decreasing
the GAG content and allowing for the development of a more functional collagen network, C-ABC enhanced the tensile properties of
the tissue-engineered ﬁbrocartilage, as hypothesized.
In addition to generating tissues with a more physiological
GAG:collagen ratio, treatment with C-ABC signiﬁcantly decreased
the cellularity of the engineered ﬁbrocartilage. Previous studies
have reported that, as cartilage matures in vivo, the cellularity of
this tissue decreases via apoptosis by more than half the original
number [24–26]. The signiﬁcant decrease in cellularity of the CABC-engineered ﬁbrocartilage therefore suggests that C-ABC is
expediting the maturation of the tissue in vitro. Further, a study
investigating the cell viability of porcine cartilage explants found
that loss of GAG via C-ABC treatment did not cause cell death, suggesting the loss of GAG from the engineered ﬁbrocartilage to not be
the cause of the decreased cell number [27]. In a separate study on
engineered articular cartilage, while C-ABC was found to suppress
cell proliferation in the tissue, treatment produced more mature
constructs compared to controls [28]. Although the direct cause
for decreased cellularity following treatment with C-ABC remains
unknown, the resulting maturation of engineered cartilage and
ﬁbrocartilage merits future studies to better understand this beneﬁcial phenomenon.
It is important to note that the purpose of this study was to increase the tensile properties without compromising the compressive properties of the tissue-engineered ﬁbrocartilage. In general,
compressive properties of the combination-treated constructs
were not compromised and fell within the range of native tissue
for the TMJ disc, intervertebral disc and knee meniscus [29–31].

The only exception was the C-ABC + TGF-b1-treated 75:25 cell ratio constructs, which had a signiﬁcantly lower relaxation modulus
than respective controls. However, the instantaneous modulus and
the viscosity values for this group were not signiﬁcantly lower than
the control values. This result appears paradoxical when one considers the accepted structure–function relationship of articular cartilage [29–31]. Past studies on articular cartilage have found a
strong correlation between GAG content and compressive properties, as well as between collagen content and tensile properties. In
this study, as the percentage of MCs increased, the structure–function behavior deviated from what would be expected based on the
articular cartilage paradigm. Along with other recent work, this
study challenges the existing structure–function paradigm, showing that it does not necessarily hold for ﬁbrocartilage. Instead, tissues containing low GAG levels, such as ﬁbrocartilages, appear to
have a more complex mechanism that has more to do with the
interplay between collagen and GAG than to each component
being independently responsible for a speciﬁc mechanical property
[30,32]. Studies must therefore be conducted to explain the intricate interaction between ECM structures and the function of ﬁbrocartilaginous tissues; such data will be useful for optimizing design
criteria towards creating tissues able to withstand in vivo loading.
Results from this study shed some light onto the complexity of
the tensile behavior of tissue-engineered ﬁbrocartilages. In this
study, C-ABC treatment was found to signiﬁcantly increase the
collagen density of the engineered ﬁbrocartilage via SEM analysis.
Biochemical analysis, on the other hand, found the col/WW to be
signiﬁcantly increased in a positive or beneﬁcial way within the
combination-treated group. This corroborates the SEM analysis of
collagen density, as a higher collagen content will lead to a denser
collagen network. Together, these results suggest that the increased
collagen in the engineered constructs contributes to the increases
in tensile properties in the combination-treated group, as GAG
signiﬁcantly decreased within this same group. Further, various
studies concerning the tensile mechanics of native ﬁbrocartilages
have correlated higher tensile properties with greater collagen
content and density [6,12,33–35]. Together, a strong correlation between tensile properties and collagen content and density can be
seen in both engineered and native ﬁbrocartilages.
Another parameter affecting the tensile properties of ﬁbrocartilage is the collagen ﬁber diameter. Native tissue studies have found
thicker collagen ﬁbers to correspond to areas of higher tensile
strength [36]. Collagen ﬁber diameter has been found to vary in
ﬁbrocartilaginous tissues, ranging between 30 and 70 nm in the
TMJ disc and between 50 and 100 nm in the annulus ﬁbrosus
and the knee meniscus [37–39]. Quantiﬁcation of ﬁbril diameters
within the engineered tissues found them to range between 34
and 50 nm, on a par with diameters seen in native TMJ, spine
and knee ﬁbrocartilages. Further, among the bioactive treatment
levels, the combined bioactive-treated constructs had signiﬁcantly
greater ﬁber diameters than all the other treatments. This information provides a mechanistic view for how C-ABC and TGF-b1 alter
the developing matrix in engineered ﬁbrocartilage; by increasing
collagen ﬁber diameters, these agents increase the tensile properties of engineered tissue.
The complexity of ﬁbrocartilage is further extended to its anisotropic tensile properties. For instance, the tensile modulus of the
annulus ﬁbrosus of the intervertebral disc was found to be 5.6–
17.4 MPa in the circumferential direction, in contrast to 0.8 MPa
in the axial direction [40]. The TMJ disc has also been shown to display anisotropy; both the testing direction and the location affect
the disc’s Young’s modulus, which ranges between 3 and 75 MPa
[12,41]. The tensile stiffness values of the knee meniscus are two
to three times higher in the circumferential direction compared
to in the radial direction [42]. Although the anisotropic tensile
properties of native ﬁbrocartilages are crucial for their function,

R.F. MacBarb et al. / Acta Biomaterialia 9 (2013) 4626–4634

such properties were not expected, and therefore not assessed for,
in this study, as the constructs were not subjected to culture gradients or directional forces. However, it is exciting to note that the
tensile properties of the engineered ﬁbrocartilages were synergistically enhanced by treatment with both C-ABC and TGF-b1 to
reach levels seen in native tissue. The values of the Young’s modulus for the 50:50 and 75:25 cell ratios were 3.5 and 2.5 MPa,
respectively, in the combination-treated group, exceeding the tensile properties measured for the axial direction of intervertebral
discs and within the lower range of values seen for the TMJ disc.
It is worth repeating that the collagen ﬁber diameters measured
in the engineered tissues were on a par with those measured in
these two native ﬁbrocartilages. Further work in engineering
anisotropy into these tissues, as well as reﬁning the methods identiﬁed here to enhance collagen ﬁber diameters, density and content, will likely have signiﬁcant effects in further improving the
tensile properties to the levels seen in ﬁbrocartilages such as the
knee meniscus.
Recent attempts to induce anisotropic mechanical properties in
engineered ﬁbrocartilage have used electrospinning to create
aligned nanoﬁber scaffolds. Most studies have created these scaffolds out of polycaprolactone (PCL), a biocompatible polymer that
degrades over a course of 1–2 years. When electrospun, this material has produced nanoﬁbers ranging from 1 to 4 lm in diameter,
with an average tensile modulus of 10 MPa in the predominant
direction of ﬁber alignment [43]. When seeded with cells, aligned
nanoﬁbrous scaffolds have been found to direct neotissue formation according to the predetermined architecture. Further, the tensile modulus has been found to increase by roughly 40–50% in
seeded vs. unseeded scaffolds [32,44]. In one example, annulus
ﬁbrosus cells were seeded on electrospun, aligned PCL scaffolds.
Uniaxial tensile testing revealed no difference in the tensile
modulus in the direction parallel or perpendicular to the predominant ﬁber direction in seeded constructs between t = 1 day and
t = 4 weeks. Testing at a 30° angle with respect to the predominant ﬁber direction, however, found the tensile modulus to
double, from a value of 3 MPa at t = 1 day to 6 MPa at t = 4 weeks
post-seeding [45]. While electrospinning shows promise as a tool
to induce anisotropy, much work needs to be done to fully understand the effects of this process for tissue engineering applications.
Nevertheless, it is exciting to know that anisotropy can be
engineered into ﬁbrocartilaginous tissues, as shown with electrospinning studies, suggesting that appropriate methodologies need
to be designed to capture anisotropy in the self-assembly process.
While this study has not employed methods to align collagen ﬁbers, treatment with both C-ABC and TGF-b1 nonetheless increased
the Young’s modulus of the engineered ﬁbrocartilage by 723 and
208% in the 50:50 and 75:25 co-culture ratios, respectively,
compared to controls. Modifying the self-assembly process to
induce collagen ﬁber alignment should be explored to further enhance the mechanical properties of scaffold-free engineered ﬁbrocartilage. One approach may be through generating shape-speciﬁc
constructs; combined with native loading schemes, these constructs may be prompted to capture the complex arrangement of
native collagen ﬁbers. Previous work on self-assembled meniscus
constructs, for example, has found that geometric constraint by a
meniscus-shaped mold guides collagen ﬁbril alignment, resulting
in anisotropic tensile properties [8]. Such efforts will lead to the
development of a tissue able to adapt to and survive in the native
joint environment.

5. Conclusions
This work addresses the potential of tissue engineering to create tissues to repair or replace ﬁbrocartilage that is unable to heal
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on its own accord, an important implication considering the current lack of treatment options for degenerated TMJ discs, knee menisci and intervertebral discs. Distinct tissue-engineered
ﬁbrocartilages with functional properties approaching native tissue were created by treating different MC:AC co-cultures with CABC and TGF-b1. SEM analysis showed that these agents together
alter the physical structure and organization of the developing collagen network, allowing it to better withstand tensile forces. This
alludes to a possible mechanism by which these agents collaboratively augment the collagen network in engineered ﬁbrocartilage.
It was found that the engineered ﬁbrocartilages had collagen ﬁbril
diameters and tensile properties on a par with native tissues. Future work will be focused on subjecting shape-speciﬁc, self-assembled constructs to biomechanical stimulation mimicking in vivo
loading schemes to generate tissues that capture the anisotropy
of native ﬁbrocartilages.
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Appendix A. Figures with essential colour discrimination
Certain ﬁgures in this article, particularly Fig. 1, is difﬁcult to
interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2012.
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