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There has been much interest in using autologous chondrocytes in combination with scaffold materials
to aid in cartilage repair. In the present study, a total of 27 animals were used to compare the perfor-
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mance of matrix-assisted chondrocyte implantation (MACIs) using a collagen sponge as a chondrocyte
delivery vehicle, the sponge membrane alone, and empty controls. A total of three distinct types of
mechanical analyses were performed on repaired cartilage harvested from horses after 53 weeks of
implantation: (1) compressive behavior of samples to measure aggregate modulus (HA) and hydraulic
permeability (k) in confined compression; (2) local and global shear modulus using confocal strain
mapping; and (3) boundary friction coefficient using a custom-built tribometer. Cartilage defects
receiving MACIs implants had equilibrium modulus values that were 70% of normal cartilage, and were
not statistically different than normal tissue. Defects filled with Maix™ membrane alone or left empty
were only 46% and 51–63% of control, respectively. The shear modulus of tissue from all groups of car-
tilage defects were between 4 and 10 times lower than control tissue, and range from 0.2 to 0.4 MPa. The
average values of boundary mode friction coefficients of control tissue from all groups ranged from 0.42
to 0.52. This study represents an extensive characterization of the mechanical performance of the MACIs

grafts implant in a large animal model at 53 weeks. Collectively, these data demonstrate a range of
implant performance, revealing similar compressive and frictional properties to native tissue, with
inferior shear properties.

& 2015 Published by Elsevier Ltd.
1. Introduction:

Articular cartilage has limited ability for self-repair, and as such
any defects leave the affected joint susceptible to osteoarthritis
(Inerot et al., 1978). Both autologous chondrocyte implantation (ACI)
and matrix induced autologous chondrocyte implantation (MACIs)
have been shown to effectively repair full-thickness chondral defects
as evidenced by histology and integration (Inerot et al., 1978). ACI
involves only the delivery of cells to a cartilage defect. This technique
has been used clinically for over two decades. Despite this extensive
rsity, Ithaca, NY 14853, USA.
record, surgical challenges still persist including graft hypertrophy,
the damaging of adjacent tissue by suturing, and graft delamination.

More recently, modified ACI techniques have been developed
using a variety of materials to deliver transplanted chondrocytes
(Brittberg, 2010). Specifically, matrix-induced autologous chon-
drocyte implantation (MACIs) involves the use of porcine-derived
type I/type III collagen bi-layer membrane secured into cartilage
defects using fibrin adhesive (Frenkel et al., 1997). MACIs grafts
eliminate the need for periosteal harvest, help maintain chon-
drocyte viability and phenotype, and potentially allows for a more
even distribution of cells in the defect (Willers et al., 2005).

Despite the widespread clinical use of such techniques, there is
relatively little known about the mechanical properties of the tissue
that results use of various cartilage repair techniques. Several studies
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Fig. 1. Two 15 mm defects are placed into the trochlea of the right or left limb of
each horse and either left empty, or filled with MAIX membrane or MACI graft.
Osteochondral blocks were extracted after sacrifice with sections taken for histol-
ogy containing both repair and local tissue and 3 mm plugs taken for each of shear,
friction, and compression testing.

D.J. Griffin et al. / Journal of Biomechanics 48 (2015) 1944–1949 1945
report compressive properties obtained through indentation (Peter-
son et al., 2002; Henderson et al., 2007), unconfined (Laasanen et al.,
2003), and confined compression tests (Strauss et al., 2005; Peretti
et al., 2001). Confined compression testing on ACI repaired equine
tissue showed an aggregate modulus that was only 12% of native
tissue (Strauss et al., 2005). A MACI graft with a type II collagen
membrane was shown to have an aggregate modulus that was 15% of
native tissue (Lee et al., 2000). Stiffness tests in an ovine model
showed that MACIs grafts ranged from 16% to 50% of native cartilage
(Russlies et al., 2003; Jones et al., 2008). The duration of implanted
tissue ranged from as short as a fewweeks to as long as several years.
A general trend shown in this data is that longer implant durations
tend to perform better, indicating that mechanical properties of
repaired cartilage may improve over time.

The current study was motivated by the lack of data on other
critical mechanical properties of autologous chondrocyte grafts.
For example, there are no published papers that study friction or
shear properties of the repaired cartilage in long term large animal
models. In this study, we performed an array of mechanical tests
to more fully understand the functionality and mechanical beha-
vior of matrix-induced autologous chondrocyte grafts. Therefore,
the primary objective of this study was to characterize the com-
pressive, shear, and friction properties of repaired articular carti-
lage after 53 weeks in an equine model.
2. Materials and methods

2.1. Chondrocyte isolation and expansion

Cartilage biopsies were obtained arthroscopically from the femoral troch
lear ridge of 24 horses. Cartilage samples were enzymatically digested and
expanded in vitro before seeding on sterile processed collagen type I/III membranes
(ACI-Maix™; Genzyme Corporation). Cells were seeded at 0.5 million cho
ndrocytes/cm2 of collagen membrane, and covered with DMEM and incubated for
48 h before implantation. Additionally, a collagen type I/III membrane was cultured
without chondrocytes, for use in control defects implanted with membrane alone.

2.2. Implantation surgery

A total of 27 skeletally mature horses (1.5–6 yr of age, 300–400 kg weight) free
of lameness were used. Arthrotomy surgeries were performed according to the
guidelines of the Institutional Animal Care and Use Committee (IACUC) at Cornell
University. Two full-thickness chondral defects (15 mm diameter) were created on
the femoral trochlear ridge of one hind-limb of each horse, using a trephine and
cannula. These lesions extended down to, but not through, the subchondral bone
plate, and resulted in minimal bleeding or seepage of marrow into the defect.
Specifically, defects were placed in both the proximal and distal region of the
trochlea in either the right or left joint, with the contralateral joint left unoperated
for control (Fig. 1). Animals were assigned to one of three cohorts based on
treatment provided in each of the two defects: (1) MACIs graft in one defect and
the carrier scaffold, consisting of the ACI-Maix (Matricel) membrane without the
presence of cells in other defect (n¼12); (2) MACIs graft and an empty defect
(n¼12); and (3) both defect sites left empty (n¼3). The choice of operation on the
right or left joint along as well as location within the trochlea was randomized,
with all subsequent histological and mechanical analysis performed in a blinded
fashion. After 53 weeks, the horses were euthanized and samples were immedi-
ately harvested for histological examination and mechanical assessment (Fig. 1).

2.3. Histology and immunohistochemistry

Samples were decalcified in hemotoxylin and eosin (H&E) or ethylenediami-
netetraacetic acid (EDTA) and sectioned at 6 μm, as previously described (Nixon
et al., 2011). Sections were stained with toluidine blue for histochemical reaction to
cartilage GAG moieties. Serial sections were used for positive and negative reac-
tions for collagen type II immunohistochemistry (Nixon et al., 2011).

2.4. Confined compression

A total of 108 full thickness cylindrical plugs (3 mm diameter) were harvested
from the defect region using a biopsy punch perpendicular to the articular surface. The
plugs were thawed in a bath of phosphate buffer saline (PBS) containing protease
inhibitors. This procedure was repeated for samples harvested from the proximal and
distal region of the trochlea in the control joint. Prior to testing, sample heights were
measured using a caliper. Samples were placed in a 3 mm confining chamber, covered
with a porous plug and PBS with protease inhibitors, and mounted in a Bose Endur-
aTEC ELF 3200 for stress–relaxation testing. A series of 5% steps in compressive strain
were imposed on each sample up to a total of 40% strain. For each step, the resultant
load was measured for 10 min using a Honeywell 50 lb load cell at a frequency of 1 Hz.
The stress–relaxation curves were fit to a poroelastic model and analyzed using cus-
tom MATLAB code to calculate aggregate modulus (Ha) and hydraulic permeability (k)
(Gleghorn et al., 2007; Chang et al., 2001).

2.5. Friction testing

A total of 84 full thickness cylindrical plugs (3 mm diameter) were tested in a
custom tribometer to measure boundary friction coefficients as previously descri-
bed (Bonnevie et al., 2014; Gleghorn et al., 2007; Gleghorn et al., 2010; Galley et al.,
2011). Samples were linearly reciprocated against glass at a speed of 0.1 mm/s
under 40% strain while bathed in PBS, conditions known to induce boundary mode
lubrication. During sliding, both normal and shear forces were collected to deter-
mine the friction coefficient. The friction coefficient was calculated by averaging
shear force divided by normal force, for both directions of sliding.
2.6. Shear confocal strain mapping

A total of 84 full thickness cylindrical plugs (3 mm diameter) were
prepared for confocal strain mapping as described previously (Griffin
et al., 2014; Buckley et al., 2008, 2010, 2012; Silverberg et al., 2013).
Samples were bisected longitudinally into hemi-cylinders, exposed to
7 μg/mL 5-dichlorotriazinyl–aminofluorescein (5-DTAF) for 2 h to
uniformly stain the extracellular matrix, and rinsed in PBS for 30 min.
Briefly, samples were glued to a tissue deformation imaging stage
(TDIS) and compressed to 10% strain. The TDIS was mounted on an
inverted Zeiss LSM 510 5 Live confocal microscope and imaged using
a 488 nm laser. A line perpendicular to the articular surface was
photobleached using the laser at full intensity. Sinusoidal shear dis-
placements were placed on the articular surface by the TDIS at a
frequency of 0.1 Hz and amplitude of 16 μm, and the resultant forces
were measured with a load cell. Simultaneously, images of the
sample deforming were collected at 10 frames per second. Using
custom MATLAB code, the intensity minima corresponding to the
location of the photobleached line was tracked, and the local strains
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were determined from the slopes of that line. The local shear mod-
ulus (G) was calculated from the local strain and measured load.

2.7. Statistical analysis

For the confined compression tests, each defect was matched to a
contralateral control in the opposite joint. Comparison between
repair groups and corresponding contralateral controls was per-
formed using a two-tailed paired t-test with bonferroni correction.
Minimum detectable differences between control and repaired car-
tilage were calculated based on sample size, the standard deviation of
repaired cartilage, and assuming a power of 0.8. For both friction and
confocal strain mapping, it was not possible to harvest a defect
sample from every joint. Therefore, a standard two-tailed t-test
assuming unequal sample variance between groups was used to
analyze the repair groups to control. For all mechanical tests, a one-
way analysis of variance (ANOVA) test was performed between all
testing groups. Finally, the MACIs group and empty group were
compared using a two-tailed t-test. All data groups are displayed as
mean values with standard deviations noted by error bars. Differ-
ences were considered significant for po0.05.
3. Results

3.1. Histology and immunohistochemistry

H&E stain revealed improved filling and attachment of MACIs

implants compared to cell free ACI-Maix implants and spontaneous
healing in the empty defect (Fig. 2). Toluidine blue reactive cartilage
was thicker in MACIs implanted defects, compared to Maix or empty
defects. Similarly, collagen type II was more abundant in MACIs

implanted defects, compared to empty defects.

3.2. Confined compression

Cartilage from defects receiving MACIs implants had an equili-
brium modulus that was 70% of normal cartilage, which was not
statistically different than native control tissue (p¼0.07) (Fig. 3A).
Based on power calculations, the minimum detectable difference
between groups was 0.23 MPa which was lower than the difference
between the MACIs and control moduli (0.31 MPa). Defects filled
with ACI-Maix™ membrane alone or left empty had equilibrium
moduli that were 46% (po0.05) and 59% (po0.05) of control,
respectively. The hydraulic permeability of tissue from MACIs grafts
were 2.6–7.0 times higher than control tissue, but were not statisti-
cally different from control (Fig. 3B). Hydraulic permeability of
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Fig. 2. Histological and immunohistochemical photomicrographs of MACIs, A
groups with ACI-Maix™membrane alone were 2.5 times higher than
control, but were less varied, and as a result were statistically dif-
ferent from controls. Empty defects had 2.3–6.6 times higher
hydraulic permeability values than controls, with only one group
statistically different.

3.3. Coefficient of friction

The average values of boundary mode friction coefficients of
control tissue and from all implant groups ranged from 0.42 to
0.52 with no statistical difference between groups (Fig. 4A).

3.4. Confocal strain mapping

The global values of shear modulus for control cartilage ranged
from 1.0 to 1.5 MPa, consistent with previous data (Griffin et al., 2014;
Buckley et al., 2008, 2010, 2012; Silverberg et al., 2013) (Fig. 4B). The
shear moduli of tissue from all groups of cartilage defects were 4–10
times lower than control cartilage, and ranged between 0.2 and
0.5 MPa (po0.05). The local shear modulus of the control cartilage
showed variation with depth, with the minimum modulus value
occurring within 100 μm of the articular surface (Fig. 5A–C). In
contrast, local shear moduli of the repaired cartilage defects were
significantly lower than control tissue, showing no minimum or
variation with depth. Next we compared the moduli for Gmin (aver-
aged 50–150 μm) and Gplateau (200–1000 μm) values for defect and
control groups(Fig. 5D–F). We found Gmin for cartilage defects was
1.5–2 times lower than that for control cartilage, whereas the Gplateau

values were 7–10 times lower than those of native tissues (Fig. 5D–F).
4. Discussion

The goal of the present study was to provide a more thorough
characterization of the mechanical performance of repaired cartilage
implants than has been reported previously. MACIs implants were
tested in a large animal defect model for over 1 yr, and revealed overall
better defect filling, toluidine blue reactive matrix, and collagen type II
staining compared to ACI-Maix™ membranes alone or paired empty
defects. Furthermore, a total of 276 samples harvested from implants
and controls were tested to measure friction, compressive, and shear
properties. These data show a range in implant performance, with
frictional properties of all implants similar to control, compressive
modulus of MAIX™ and empty implants were different from controls,
and shear properties for all groups that differed significantly from
controls. Previous research involving the mechanical performance of
MACI grafts report average compressive stiffness values ranging from
CI-MaixxTM    Empty 

CI-Maix (cell-free), and empty implanted defects 53 weeks after repair.
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16% to 50% of native cartilage. In our confined compression testing,
defects filled with MACIs grafts performed relative to their con-
tralateral control (70%). The average aggregate modulus and hydraulic
permeability of the MACIs groups were not statistically different than
the control tissue (Fig. 3A,B). The MACIs grafts in this study had an
aggregate modulus that was 70% of native cartilage on average. Some
of the increased performance of these MACIs grafts may be attributed
to the long-term implant duration and the use of a large animal model.

The healthy function of engineered or repaired tissue and its
contacting body (i.e. the apposing meniscus or cartilage), may be
dependent on providing a low friction surface during articulation
(Gleghorn et al., 2010; Lane, Healey, et al., 2009; Neu et al., 2008).
Consequently, researchers have turned towards different mechanical
and chemical stimuli during pre-implantation culture to promote
effective lubrication (Grad et al., 2012; Huang et al.,2012; Bonnevie
et al., 2014). Previously, in vitro studies have shown that although
frictional properties of tissue repair scaffolds can be significantly
higher than native cartilage, the localization of lubricants on the
scaffolds can effectively reduce friction coefficients (Bonnevie et al.,
2014; Gleghorn et al., 2007; Singh et al., 2014; Bhumiratana et al.,
2014). Similarly, in a meniscus repair study, scaffolds that were tested
before and after in vivo implantation exhibited progressively lower
friction coefficients as a function of implant time (Gleghorn et al.,
2010; Galley et al., 2011). In this study, the tribological characteriza-
tion revealed no significant differences between all sample groups
and native cartilage. Such data are consistent with the idea that at
one year of implantation, these implants are sufficiently capable of
localizing boundary lubricants to enable functional lubrication.

During confocal strain mapping, defects performed sig-
nificantly worse than their contralateral normal controls, regard-
less of treatment condition (Fig. 4B). Local spatial shear profiles
revealed the depth dependent modulus for control and repaired
tissue(Fig. 5). Control tissue showed large variation of modulus in
depth; while, engineered tissue showed 4–10 times lower mod-
ulus in both the minimum and plateau moduli.

The low shear modulus of the all grafts makes any repaired cartilage
susceptible to mechanical failure or degradation. Previous studies have
shown that shear properties of normal cartilage are highly dependent
on collagen content and organization (Buckley et al., 2012; Palmer, et al.,
2009). Tissue from repaired cartilage defects is known to have different
collagen fiber size and organization compared to normal tissue (Griffin
et al., 2014), which is consistent with our current observations that
global and local shear properties do not match native tissue. It can be
noted that the reduction in |Gn| arises from lack of organized collagen
within repaired tissue grafts; this is consistent with predictions of
network-based models of crosslinked polymers (Silverberg et al., 2014).
These models predict that below critical values of fiber concentration,
size, and connectivity, shear modulus is very low. Only after the per-
colation threshold is achieved does shear modulus increase dramati-
cally. Based on the data in the current study, it seems likely that
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repaired cartilage in all groups is a loose, discontinuous collagen net-
work that is near the rigidity percolation threshold. As such, ensuring
sufficient collagen concentration, size, and connectivity may be of par-
ticular importance for improving cartilage repair and overall perfor-
mance of any cartilage repair procedure.

MACIs implants show promise for repairing osteochondral
defects and in matching compressive and frictional properties of
native cartilage; however, attention should be focused on improving
the shear properties of such implants. The results underscore that
histologic assessment and biochemical analysis alone are not suffi-
cient for predicting the mechanical performance of cartilage grafts.
Histologic analysis displayed that MACIs grafts (Fig. 2) improved
chondrocyte proliferation and GAG content over empty defects,
however, biomechanical benefit was only evident in aggregate
modulus and hydraulic permeability (Fig. 3) and not in the shear
properties (Fig. 5). The relationship between structure and function is
quite complex in repaired tissue and may differ even from that of
native cartilage. As such, thorough mechanical evaluation of such
implants is critical to assess the performance of repaired cartilage.
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