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Abstract. Due to the prevalence of osteoarthritis (OA) and damage to articular cartilage, coupled with the poor intrinsic healing
capacity of this avascular connective tissue, there is a great demand for an articular cartilage substitute. As the bearing material
of diarthrodial joints, articular cartilage has remarkable functional properties that have been difficult to reproduce in tissue-
engineered constructs. We have previously demonstrated that by using a functional tissue engineering approach that incorpo-
rates mechanical loading into the long-term culture environment, one can enhance the development of mechanical properties in
chondrocyte-seeded agarose constructs. As these gel constructs begin to achieve material properties similar to that of the native
tissue, however, new challenges arise, including integration of the construct with the underlying native bone. To address this
issue, we have developed a technique for producing gel constructs integrated into an underlying bony substrate. These osteo-
chondral constructs develop cartilage-like extracellular matrix and material properties over time in free swelling culture. In this
study, as a preliminary to loading such osteochondral constructs, finite element modeling (FEM) was used to predict the spatial
and temporal stress, strain, and fluid flow fields within constructs subjected to dynamic deformational loading. The results of
these models suggest that while chondral (“gel alone”) constructs see a largely homogenous field of mechanical signals, osteo-
chondral (“gel bone”) constructs see a largely inhomogeneous distribution of mechanical signals. Such inhomogeneity in the
mechanical environment may aid in the development of inhomogeneity in the engineered osteochondral constructs. Together
with experimental observations, we anticipate that such modeling efforts will provide direction for our efforts aimed at the
optimization of applied physical forces for the functional tissue engineering of an osteochondral articular cartilage substitute.

Keywords: Functional tissue engineering, deformational loading, articular cartilage, osteochondral constructs, finite element
models

1. Introduction

Damage to articular cartilage is a common condition affecting the joints of millions of people in the
U.S. alone. This damage is complicated by the poor regenerative capacity of adult articular cartilage and
the disability and pain that accompanies these injuries [30]. Nearly 10% of the U.S. population aged 30
and older has clinical osteoarthritis (OA) of the hip or knee, with total direct costs estimated at $28.6 bil-
lion dollars per year [15]. There exists a range of clinical options (short of total joint replacement) with
variable degrees of success, for the repair of focal lesions and damage to the articular surface. These
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approaches include tissue adhesives (e.g., [3,21]), enzymatic treatments [13], laser solder welding [61],
autograft cell/tissue transfer via periosteal grafts [41], autologous osteochondral grafting such as mosaic-
plasty [20] and the Carticel method [8]. While promising in many respects, these approaches are limited
by the amount of tissue available for such procedures, as well as donor site morbidity associated with its
harvest. The poor intrinsic healing capacity along with the lack of effective clinical repair strategies has
generated great interest in the engineering of replacement cartilage tissues.

The most prevalent approach to cartilage tissue engineering involves the combination of chondrocytes
(or mesenchymal progenitor cells) with scaffolds (fibrous meshes or hydrogels) for long-term culture.
Such constructs have been grown both statically (i.e., in Petri dishes or in the backs of nude mice) and
in sophisticated bioreactors designed to provide a nutrient rich environment for construct development
[2,14,16,17,43,45,51,52]. In our studies, the underlying premise has been that the application of physi-
ologic deformational loading, as part of the culture environment, will promote development of cartilage
tissue engineered constructs having functional load-bearing tissue properties. The rationale for such an
approach is based on the well-characterized response of chondrocytes to a variety of physical stimuli
that arise with loading of diarthrodial joints (see review in [18]). More specifically, we have used the ap-
plication of uni-axial unconfined dynamic deformational loading (1 Hz, 10% peak-to-peak deformation)
of chondrocyte-seeded agarose constructs to encourage tissue growth in vitro. This mode of deforma-
tional loading was chosen as it engenders mechanical signals in gels similar to that seen in the native
tissue with joint contact (Fig. 1, [44]). To carry out such studies, we employed agarose hydrogels, which
not only provide a 3D environment that maintains the chondrocyte phenotype and allows for the de-
velopment of a functional extracellular matrix [7,9,10], but also can withstand deformational loading
from the outset of encapsulation, without any significant pre-incubation period. With time in culture,
chondrocyte-seeded agarose hydrogels increase in tissue properties and respond to short-term applied
deformational loading in a manner similar to native tissue [11,26,27]. Furthermore, long-term defor-
mational loading of these constructs increases the rate and extent of development of tissue properties
compared to free swelling controls [31–35]. As these engineered constructs approach the mechanical
and biochemical properties of the native tissue, significant new challenges become apparent [4,42]. In
particular, integration of these constructs into the damaged articular surface remains a difficult prob-
lem [4,42,60].

One possible solution to the problem of integration may be the development of engineered osteo-
chondral constructs [5,24,46–48] similar to those used for autologous transplantation [1,20]. A number
of different approaches have explored the generation of such constructs, employing a diverse spec-
trum of scaffolds and cell populations [5,24,46–48]. In a previous study, we suggested the produc-
tion of osteochondral constructs composed of a cell-seeded agarose layer integrated with a trabecu-
lar subchondral bony layer, with the hypothesis that the bone layer would provide a suitable interface
for in vivo bony ingrowth [24]. Osteochondral constructs of this composition (seeded with primary
bovine chondrocytes) were shown to increase in biochemical and mechanical properties with time in
free swelling culture [24], indicating that the culture method is conducive to cartilage-specific tissue
growth.

Dynamic deformational loading has been shown to improve the mechanical properties of chondrocyte-
seeded agarose constructs. This approach may similarly prove useful for the culture of osteochondral
constructs. A number of interesting issues arise, however, from the intrinsic differences in the stiff-
ness of each layer in such a bilayered construct. First, the trabecular bone region of such constructs
is expected to be much stiffer than the region comprised totally of agarose. Consequently one would
expect all deformation to occur solely in the agarose gel region. Secondly, the gel is at least partially
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Fig. 1. Finite element prediction of fluid pressure and fluid flow (top) and maximum stress (bottom) occurring within an
isotropic articular cartilage layer loaded in contact (left) and a cartilage disk loaded in unconfined compression. Note the
similarity between the two loading conditions in mechanical signals generated near the point of contact. Adapted from [44].

infused into the bone along the gel bone interface. Such fixation would be expected to restrict the
lateral expansion of the gel layer with axial deformation, and control the movement of fluid through
these regions of differing permeability. Given these differences in boundary conditions brought about
by the inclusion of a bony layer, the goals of the current study were three-fold. First, we were inter-
ested in examining the bulk mechanical properties of acellular agarose constructs with and without a
bony layer to determine if inclusion of a bony layer would alter the overall mechanical behavior. Sec-
ond, we tested the hypothesis that deformation would occur solely within the gel layer of osteochondral
constructs. Third, we used biphasic finite element models to compare the differing mechanical stimuli
that are predicted to arise with dynamic deformational loading of osteochondral constructs compared to
those that occur in gel alone constructs in response to the same mechanical loading protocol. To gain
an appreciation of the implication of these spatially-ranging mechanical stimuli on cell activities, gene
expression was performed on dynamically-loaded chondral (gel-alone) and osteochondral (gel-bone)
constructs.
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2. Materials and methods

2.1. Osteochondral construct preparation

Cylindrical trabecular bone cores, ∅5 mm × 4 mm thick, were harvested from the epiphysis of
metatarsal bones of 3 month-old calves (Fig. 2). Cores were cut to size with a diamond saw, cleaned
of marrow with a water pick, and mass and volume measurements were taken to determine the appar-
ent density. Cores were grouped by density, and infused with a molten 3% (in PBS) agarose hydrogel
(Type VII, Sigma) in a custom mold to produce constructs with an ∼2 mm gel-only region, an ∼2 mm
gel-bone interface region, and a ∼2 mm bone-only region, as described previously [24].

2.2. Bulk mechanical testing

Five constructs per group were tested in unconfined compression as in [35], with stress relaxation
tests to 10% strain (of upper gel thickness) followed by dynamic testing (with an applied displacement
of 20 µm) at frequencies ranging from 0.005–1 Hz. The Young’s modulus was determined from the
equilibrium reaction force (taken at >1200 seconds) and the specimen geometry, while the dynamic
modulus was calculated from the maximum peak-to-peak stress normalized to the maximum peak-to-
peak strain.

2.3. Displacement fields

To obtain an axial displacement field, osteochondral constructs were cut in half and compressed using
a custom compression device mounted on the stage of an inverted microscope, as described in [53].
The initial thickness of the specimen was measured optically (1.66 µm/pixel) and a 5% tare strain (of
the gel thickness) was applied. After equilibrium, an image was acquired, and the specimen was further
compressed another 5% strain increment with a second image acquired after equilibrium. Image analysis
was performed using an automated digital image correlation technique to produce an axial displacement
field [53,54,57].

Fig. 2. Schematic for making bilayered osteochondral constructs composed of a gel layer (agarose) interpenetrated into a sub-
chondral bony substrate. Constructs can be formed with a defined geometry and gel penetration depth.
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2.4. Biphasic finite element models

Finite element meshes were defined with a commercial software package (I-DEAS, SDRC, Plano, TX)
to model gel-alone agarose constructs (2 mm thickness × 5 mm diameter) and osteochondral composite
constructs (4 mm thickness × 5 mm diameter), with a variable gel bone interface region (0–100% of
bone layer thickness), Fig. 5. Meshes were defined as axisymmetric, and contained 600 elements per
mesh with eight nodes per element, with the distribution of elements biased towards the free edge of the
construct. Each region was assumed homogenous, with a linear isotropic elastic solid matrix, with the
agarose gel region having EY = 10 kPa, ν = 0.3, k = 1 × 10−12 m4/N s, the gel-bone region having
EY = 1000 MPa, ν = 0.3, k = 0.25 × 10−12 m4/N s, and the bone region having EY = 1000 MPa,
ν = 0.3, k = 1 × 10−8 m4/N s. The degree gel penetration was set at 0, 25, 50, 75, and 100% of
the underlying bony thickness. A custom FEM program (as described in [44]) incorporating biphasic
theory [38] was used to solve the problem of unconfined deformational loading of such constructs in
both stress relaxation (to 10% gel thickness deformation) and with an applied sinusoidal deformation
of 10% of the gel thickness at a frequency of 1 Hz. The resulting fluctuations in mechanical signals
generated within each construct were output and analyzed at equilibrium for stress relaxation testing
(t = 1000 s) or at the point of maximal compressive axial deformation (t = 0.5 s) for the case of
dynamic deformational loading.

2.5. Gene expression

Gene expression was analyzed for previously frozen chondrocyte-seeded (60 × 106 cells/ml) chon-
dral and osteochondral constructs that had been dynamically loaded for 6 hours to 10% of the gel
thickness as in [35]. The gel and bone regions of the osteochondral constructs were carefully sepa-
rated under RNase free conditions using a scalpel. Two samples were pooled and homogenized using a
mortar and pestle for the disc and gel region and a mechanical homogenizer for the bone region. RNA
was isolated from the samples by two successive guanidine hydrochloride extractions [22] followed by
a TRIzol R© (Invitrogen, Life Technologies) extraction. Total RNA concentration was measured using
a spectrophotometer at a 260 nm wavelength (µQuant, Bio-Tek Instruments). A reverse transcription
polymerase chain reaction (RT-PCR) was carried out using the SuperScript

TM
First-Strand Synthesis

System for RT-PCR (Invitrogen, Life Technologies) to determine relative mRNA expression levels for
aggrecan and Type II Collagen using glyceraldehyde phosphate dehydrogenase (GAPDH) as an inter-
nal control. 500 ng of total RNA in a 20 µl volume was used for the reverse transcription reaction.
One microliter of cDNA was used for each PCR reaction using primer sets for Type II Collagen, ag-
grecan, and GAPDH. Primer sequences were aggrecan (sense): CACTGTTACCGCCACTTCCC, (an-
tisense): GACATCGTTCCACTCGCCCT; Type II Collagen (sense): ATGACAATCTGGCTCCCAAC,
(antisense): GCCCTATGTCCACACCGATT; GAPDH (sense): GGTGATGCTGGTGCTGAGTA, (anti-
sense) ATCCACAGTCTTCTGGGTGG. Thirty cycles of PCR were carried out using annealing temper-
atures of 51◦C, 61◦C, and 58◦C respectively. PCR products were separated on 2% agarose gels contain-
ing ethidium bromide, and the bands were digitized and quantified (ImageJ, NIH). Aggrecan and Type
II Collagen mRNA levels were normalized by GAPDH for each sample (n = 6–8 per group). Data
was analyzed by first normalizing the gene expression of dynamically-loaded constructs by the average
expression of the corresponding free-swelling control. Three groups were studied: gel-alone (chondral),
bone region (lower portion of osteochondral constructs) and gel region (upper portion of osteochondral
constructs). One-way analysis of variance with Fisher’s LSD test was used to detect significant differ-
ence (α = 0.05) among the groups using Statistica software (SYSTAT, IL).
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3. Results

Bone cores were found to vary in apparent density, and were grouped into high (0.46±0.05), medium
(0.36± 0.03), and low (0.24± 0.03) density groups. Mechanical testing of acellular agarose osteochon-
dral constructs revealed no statistical difference in the Young’s modulus with decreasing density of the
underlying trabecular bone compared to gel-alone constructs (Fig. 3). However, the dynamic modulus
decreased significantly (p < 0.05) in the case of the lowest density subchondral bone osteochondral
constructs compared to gel-alone constructs (Fig. 3).

Microscopic evaluation of the axial displacement field of osteochondral constructs in unconfined com-
pression (Fig. 4A) revealed that deformation occurred solely in the gel region (Fig. 4B). A FEM simu-
lation of stress relaxation generated a similar deformation profile at equilibrium (Fig. 4C).

Finite element meshes were constructed to model dynamic deformation of both uniform gel alone con-
structs and osteochondral constructs with mixed material properties (Fig. 5). The application of dynamic
compression to the axial boundaries of these constructs showed quantitative and qualitative differences
in the resulting magnitude and distribution of mechanical signals. In particular, radial strain in gel-alone
constructs was largely homogeneous, while radial strains were larger in magnitude and heterogeneously
distributed in osteochondral constructs (Fig. 6), with the highest strain magnitude observed at the sur-
face of the constructs. Fluid pressurization was observed to be largely uniform through the thickness
and radial direction in gel-alone constructs (Fig. 7, top left), while there was a higher, and much less
uniform distribution of pressure in osteochondral constructs (Fig. 7, top right, bottom left and right).
Fluid flux was directed radially and was greatest at the edges of gel-alone constructs (Fig. 7, top left).
In osteochondral constructs, high fluid flows were observed at the radial edge (highest at the interface of
the gel layer with the subchondral bone), with some flow through the bottom of the gel into the bone-gel
region (Fig. 7, top right, bottom left and right). Significant variation of fluid pressurization occurred in

Fig. 3. Dynamic modulus (at 0.5 Hz) and Young’s modulus of acellular osteochondral constructs with varying density trabecular
bone substrates. ∗ Indicates significant decrease in dynamic modulus compared to gel-alone construct impermeable platen
(p < 0.05, n = 5).



E.G. Lima et al. / Dynamic loading of osteochondral constructs 583

Fig. 4. (A) Cross sectional image of cell-free agarose mounted in a custom microscopy device for measuring local deformation
in cartilage and tissue-engineered constructs [53,57]. (B) Measured axial deformation (in pixels) in cell-free osteochondral
construct in response to a static axial deformation of 5% of the gel layer thickness. (C) Predicted axial deformation under
the same loading conditions (at equilibrium) using the FEM model formulation. Due to the much stiffer bone region, axial
deformation occurs solely in the upper gel region.

Fig. 5. Finite Element Model (FEM) of osteochondral construct and dynamic loading regime used for analysis.

the bone–gel region as well, and was highest at the gel/bone-gel interface, and decreased to ambient lev-
els at the bone-gel/bone interface. As the penetration of gel into the bony substrate increased form 0%
(top right) to 50% (bottom left) to 100% (bottom right) a progressively smaller proportion of fluid flowed
through the gel/gel-bone interface, though the distribution of pressure and flow in the superior (chondral)
gel region was largely unaffected.
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Fig. 6. Radial strain at the peak axial compression of a dynamically loaded (1 Hz, 10% deformation of gel layer thickness) gel
alone (left) or gel/bone osteochondral construct (right) as predicted by the biphasic FEM model.

In studies monitoring gene expression of extracellular matrix proteins, the aggrecan and Type II Col-
lagen mRNA levels of chondrocytes in the underlying bone region of osteochondral constructs was
significantly elevated compared to that of levels in the upper gel regions (p < 0.05, n = 6–8), Fig. 8.
Additionally, the relative gene expression of chondrocytes in the gel region of these gel-bone constructs
was similar to those of chondrocytes residing in gel only constructs.

4. Discussion

Constitutive models coupled with finite element techniques are a useful tool for analyzing complex
events occurring in structures that have non-uniform shapes and/or compositions. This preliminary study
used biphasic finite element models to compare the predicted mechanical signals that arise in chondral
and osteochondral constructs subjected to the same dynamic deformational loading regime. To construct
these models, gel constructs were assumed homogenous and isotropic, while osteochondral constructs
were given three distinct material regions. The top region of the osteochondral construct, the gel layer,
was given the material properties of 2% agarose. Previous work has shown that biphasic theory can ad-
equately predict the mechanical response of agarose hydrogels, particularly during the transient phase
of loading [33], and to an even greater extent when one uses a strain-dependent permeability (unpub-
lished observations). The middle region of the osteochondral construct was assigned the permeability
of agarose (normalized by the decrease in area brought about by the presence of impermeable bone)
and the stiffness of trabecular bone. Finally, the bottom bony region was given the material properties
and permeability (very high) of free-draining, cleaned trabecular bone. Such osteochondral constructs,
composed of three distinct, but adhered layers, would be expected to alter the mechanical signals gener-
ated with deformational loading due to the differing boundary conditions, especially at the gel-gel/bone
interface. Similar analyses can be performed for alternate underlying substrate materials (e.g., natural
coralline [19], bioactive scaffolds [29], hydrogels [40] and polymers [47]).
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Fig. 7. Hydrostatic pressure (color mapping) and fluid flow (arrows) at the peak axial compression of a dynamically loaded
(1 Hz, 10% deformation of gel layer thickness) gel alone (top left) or gel/bone osteochondral construct (top right, bottom left
and right) as predicted by the biphasic FEM model.

The results of this study do indeed suggest that the two differing constructs will see disparate mechan-
ical signals through their axial depth and radial position. Experimentally, we first observed that static
deformation of an osteochondral construct resulted in deformation occurring solely in the gel region, as
one would expect of a construct composed of two layers with such dissimilar material properties. This
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Fig. 8. Relative aggrecan and Type II Collagen gene expression of chondrocyte-seeded gel alone and osteochondral constructs
subjected to 6 hours of dynamic loading (1 Hz, 10% deformation). For analysis, osteochondral constructs have been divided
into the lower bone region and upper gel regions. Data is normalized to respective free-swelling control constructs and regions.
(∗p < 0.05 versus gel construct and gel region).

deformation profile was linear, as has previously been seen for freshly cast hydrogel constructs, vali-
dating our assumption of homogenous material properties in the gel region [56,57]. Using the Biphasic
FEM model we were able to predict the form of this deformation by applying the same static deformation
to the model and examining the equilibrium response.

While the construct stiffness measured at equilibrium exhibits no relationship with the underlying
bone porosity, experimental findings demonstrate that the construct dynamic modulus (a functional mea-
sure of the tissue properties that reflects both the matrix stiffness and hydraulic permeability) exhibits
a trend of decreasing magnitude with increasing porosity. The latter likely reflects the degree of inter-
stitial fluid pressurization that accompanies dynamic material testing of constructs, which is maximum
when the gel is loaded between two impermeable surfaces (permitting only radial fluid exudation during
loading) [44]. Since the material properties at equilibrium reflect only the stiffness of the solid con-
struct (when fluid pressurization has subsided) [33], the similar Young’s modulus observed over the
bone porosity range seems reasonable. These measured bulk (or average) material properties indicate
that the presence of an underlying bony substrate can alter the physical environment within the con-
structs.

FEM analyses can be performed to appreciate the spatial distribution of physical stimuli within the
constructs. Using the same FEM model described above, but altering the loading pattern to apply dy-
namic loading at 1 Hz with a deformation magnitude 10% that of the gel layer thickness of osteochon-
dral (or chondral) constructs reveals more interesting results. In chondral constructs, fluid pressurization
and radial strain are similar through the depth and radial position, with only the expected edge effects
(both signals rapidly go to zero) [25,36,39]. Fluid flow is also as expected highest at the radial pe-
riphery [12]. Dynamic deformational loading of osteochondral constructs, on the other hand, creates
hydrostatic pressures, fluid flows, and radial strains that are quantitatively and qualitatively different
from those occurring in gel-alone constructs. In particular, at the peak of compression, the gel region
of the osteochondral construct experiences significant inhomogeneity in its hydrostatic pressure, with
the highest values occurring at the middle of the construct just above the bone interface. Furthermore,
radial normal strain is highest at the surface and minimal at the gel/bone interface (where by adhesion
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of the two layers the bone keeps the gel from expanding laterally). Finally, as mentioned in the results,
osteochondral constructs see the highest levels of fluid flow directed out of the radial edge of the gel
region, with a decreasing amount of fluid driven into the bone gel region as the penetration thickness
increases.

These findings highlight the differences in mechanical environment that would be seen by cells seeded
in the various regions of a dynamically loaded osteochondral construct compared to a gel-alone control.
In support of this notion, chondrocyte aggrecan and Type II Collagen gene expression were found to
be significantly elevated in the lower bone regions compared to upper gel regions. This finding may
suggest that differing regional load-induced signals will likely alter the developing mechanical proper-
ties and matrix distribution in osteochondral constructs compared to gel-alone controls [9], and may be
harnessed to modulate the development of tissue inhomogeneity in engineered constructs [55,58]. In ar-
ticular cartilage, tensile stiffness is highest in the most superficial articular cartilage layers [58], and the
tension compression non-linearity that derives from this fact is believed to play a role in the frictional
response and load bearing capacities of the tissue [6,23,37,49]. In this study, the fact that the highest
radial strain with dynamic loading is predicted to occur at the articular surface of the osteochondral con-
struct suggests that such constructs may develop enhanced tensile stiffness in this region (to counteract
the strain), and therefore may more closely match important features of the native tissue. Experimental
work using cartilage and agarose gels have also shown that cells have maximum biosynthetic activity in
regions of high fluid flows [9,12,18,25]. In this study, the prediction of fluid flows through the gel/bone
interface may be taken advantage of to encourage subchondral plate formation at the gel–bone interface,
and to possibly enhance gel layer-to-bone layer integration strength. The incorporation of pre-seeded
bone cells on the underlying substrate may also facilitate development of a subchondral plate [50,59].
Current studies are exploring these possibilities by examining the development of both bulk and local
mechanical properties of chondrocyte-seeded agarose bone osteochondral constructs subjected to long-
term daily dynamic deformational loading [28].
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