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Cryopreservation of articular cartilage is often used in storage of
experimental samples and osteochondral grafts, but the depth-
dependence and concentration of glycosaminoglycan (GAG) are
significantly altered when cryogenically stored without a cryopro-
tectant, which will reduce cartilage stiffness and affect osteochon-
dral graft function and long-term viability. This study investigates
our ability to detect changes due to cryopreservation in the depth-
dependent elastic modulus of osteochondral samples. Using a
direct-visualization method requiring minimal histological altera-
tions, unconfined stepwise stress relaxation tests were performed
on four fresh (never frozen) and three cryopreserved (�20 �C) ca-
nine humeral head osteochondral slices 125 6 5 lm thick. Applied
force was measured and tissue images were taken at the end of
each relaxation phase using a 4� objective. Intratissue displace-
ments were calculated by tracking chondrocytes through consecu-
tive images for various intratissue depths. The depth-dependent
elastic modulus was compared between fresh and cryopreserved
tissue for same-depth ranges using analysis of variance (ANOVA)
with Tukey post-test with a 95% confidence interval. Cryopreser-
vation was found to significantly alter the force–displacement pro-
file and reduce the depth-dependent modulus of articular
cartilage. Excessive collagen fiber folding occurred at 40–60%
relative depth, producing a “black line” in cryopreserved tissue.
Force–displacement curves exhibited elongated toe-region in cry-
opreserved tissue while fresh tissue had nonmeasurable toe-
region. Statistical analysis showed significant reduction in the
elastic modulus and GAG concentration throughout the tissue
between same-depth ranges. This method of cryopreservation

significantly reduces the depth-dependent modulus of canine
humeral osteochondral samples. [DOI: 10.1115/1.4029182]

Introduction

Articular cartilage is the load bearing, low friction tissue cover-
ing the ends of bones in synovial joints and can withstand great
forces by distributing stress through compressive displacement
[1,2]. This highly complex tissue is composed mainly of water,
collagen fibers, and proteoglycans made of negatively charged
GAG molecules attached to a protein core. The collagen fibers in
articular cartilage are anisotropically organized into three zones
along its thickness in a depth-dependent manner. From the articu-
lar surface (AS) to the cartilage–bone interface, or tidemark (TM),
the zones include a superficial zone (SZ), transitional zone (TZ),
and radial zone (RZ) in which collagen fibers are oriented parallel,
randomly, and perpendicular to the AS, respectively. In healthy
articular cartilage, molecular properties such as collagen content
and GAG concentration increase through tissue depth [3,4] and
give rise to increasing depth-dependent elastic modulus [5–8]
through hydraulic and osmotic pressure, and electronegative
repulsion of GAG molecules [9–11].

Over time, cartilage function can diminish due to disease such
as osteoarthritis (OA), which affects most of the adult human pop-
ulation [12,13]. Patients experiencing advanced OA symptoms,
such as chronic joint pain and stiffness, but who do not require
full joint replacement, may instead select an osteochondral graft-
ing procedure. A major shortcoming for a procedure of this nature
is cryopreservation of osteochondral plugs prior to implantation.
The depth-dependence and concentration of GAG are significantly
altered due to physical or biochemical damage when stored with-
out a cryoprotectant such as dimethyl sulfoxide, a chemical that
protects against cryodamage but has high cellular toxicity [4].
Since the static load bearing capability of cartilage is highly
dependent on GAG concentration [7], a reduction in GAG concen-
tration could affect osteochondral graft function. Improper load
distribution in cryopreserved cartilage may also have effects on
chondrocyte survival. For example, Muldrew et al. found 1 yr
after transplanting cryopreserved osteochondral grafts, chondro-
cytes were nonexistent in the intermediate zone (approximately
50% relative tissue depth) [14,15]. Reduced cartilage stiffness
may cause overloading of chondrocytes, eventually causing
annihilation.

The understanding of intratissue load distribution is of great im-
portance in cryobiology. Techniques used in cartilage repair need
to promote long-term health benefits, and an understanding of
depth-dependent compressive changes due to cryopreservation of
cartilage is vital. By using a technique developed by Szarko and
Xia [8], it is possible to visually track intratissue chondrocyte dis-
placement using minimally altered tissue samples to obtain quan-
titative depth-dependent stiffness measurements. We hypothesize
the reduction in depth-dependent GAG concentration will signifi-
cantly reduce the depth-dependent elastic modulus, an incident
that may lead to abnormal cartilage mechanics and decreased
osteochondral graft viability. This investigation aims to measure
the depth-dependent modulus alteration using one osteochondral
cryopreservation method and to verify our ability to detect those
changes. Gaining an understanding of cryopreservation effects on
the depth-dependent modulus will aid in determining the most
effective way to preserve osteochondral grafts.

Materials and Methods

Specimen Preparation. Four shoulder joints were harvested
from four healthy mature canines sacrificed for an unrelated
experiment. Each joint (scapula, humerus, synovial lining, and
muscle) was stored intact at 4 �C and opened within 24 h of har-
vesting. After opening, seven osteochondral blocks approximately
2.6� 5 mm were cut from the center region of humeral heads
using a low speed diamond saw (MTI Model 150, Richmond, CA).
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Of the seven tissue blocks, four were designated as the fresh group
and three were designated as the �20 �C group. Fresh osteochon-
dral blocks were stored at 4 �C in a 154 mM saline solution with
1% protease inhibitor (saline-PI) for 3 days or less during experi-
mentation. Cryopreserved tissue blocks were immersed in the
same saline-PI solution and frozen at �20 �C for at least 3 days
then thawed at 4 �C overnight. Cryopreserved samples were
immersed in a 1 mM gadolinium solution (Gd-DTPA2�) for at least
12 h to force fragmented GAG particles from the tissue, then bathed
for approximately one day in three separate high-volume saline-PI
bath to clear gadolinium (Gd) ions from the tissue. Additional tests
were performed using two cryopreserved blocks without the intro-
duction of Gd ions to compare Gd effects on cartilage.

Biomechanical Protocol. From each of the seven blocks,
125 6 5 lm full-depth osteochondral slices were cut using a Leica
VT1000s vibratome (Buffalo Grove, Il). Following vibratomy, the
slices were trimmed using a razorblade from 2.6 mm wide to
1–2 mm wide to minimize AS curvature. Biomechanical testing
was performed using a homemade apparatus consisting of a Zaber
Technologies T-LA28A computer-controlled motorized microme-
ter and Transducer Techniques 25 g piezoelectric load cell
attached to a rigid frame with a fluid chamber and clear glass

window. The testing device was affixed to a Nikon Diaphot
inverted microscope with an 18 megapixel Canon T4i camera and
4� objective lens that yielded 0.435 lm pixel resolution. Load
sensor voltage readings from applied force were measured using a
Tenma 72-6900 dual-display multimeter. A calibration loading
curve was measured for the sensor to convert voltage to grams.

A representative diagram of the setup is shown in Fig. 1. The
125 lm-thick tissue slice was placed in a homemade glass cassette
open along the AS and sides, allowing for only two-dimensional
expansion. The bone side pressed against the closed edge. The
cassette and fluid chamber were filled with fresh 154 mM saline-
PI solution and the cassette was placed against the load sensor. The
voltmeter was tared, a compression platen made from a glass cover
slide was moved close to the AS, and an image was taken of the
uncompressed cartilage. Stepwise unconfined stress relaxation tests
were performed using incremental compression steps of approxi-
mately 30 lm at a rate of 4.65lm/s. Final surface strains were
30–35% and adequate relaxation time (typically 5–10 min) was
allowed between each subsequent step. At the end of each relaxation
phase, the resultant force was recorded and an image was taken.

Image Analysis Protocol. The displacement of chondrocytes
at incremental intratissue depths (approximately every

Fig. 1 A representative diagram of the experimental setup (not to scale). Not indicated is the
clear glass window (directly below the tissue cassette) or the 154 mM bathing solution (sur-
rounding the tissue). The direction of compression is along the axial direction (horizontal in the
figure).

054502-2 / Vol. 137, MAY 2015 Transactions of the ASME



50–100 lm) was tracked throughout consecutive compression
images to obtain depth-dependent displacement profiles. For each
image, a measurement along the axial direction (direction of com-
pression) was taken from the AS to the TM and a chondrocyte to
the TM to calculate “bulk” (whole tissue) and intratissue displace-
ment, respectively. An additional measurement from the uncom-
pressed image was made from the AS to a chondrocyte to
measure chondrocyte intratissue depth. These measurements were
used in determining bulk and intratissue stiffness. The tissue was
modeled as a Hookian material to simplify the comparison
between fresh and cryopreserved tissue. Stiffness was calculated
by fitting a straight line through the linear portion (typically the
last four points) of force–displacement curves for each chondro-
cyte. The slope of the straight-line fit was used in calculating the
elastic modulus at equilibrium.

Statistical Protocol. ANOVA with Tukey post-test with 95%
confidence interval was used to determine statistical significance
between fresh and cryopreserved tissue for modulus and GAG
concentration. Comparisons were made for same-depth ranges of
fresh and cryopreserved cartilage; i.e., fresh and cryopreserved
values for identical depth ranges (0–10%, 10–20%, etc.) were
compared. A p value of <0.05 indicated statistical significance
and a p value of <0.001 indicated high statistical significance.

Results

Visual Observations. Figure 2 is a set of representative images
that show chondrocyte displacement in different zones for several
strains. The circled chondrocytes and connecting arrows qualita-
tively show the varying intratissue strains for several depths.
Compressions appear very similar between fresh (Fig. 2(a)) and
cryopreserved (Fig. 2(b)) cartilage. The upper zones (nearer the
AS) have smaller compressive modulus and hence undergo com-
pression prior to deeper zones, which has also been found in other

investigations [5,8]. A distinct difference is the formation of a
black line (fold) in the cryopreserved tissue that formed between
40% and 60% relative depths (indicated by the thick white
arrows). This black line was observed in all Gd-treated cryopre-
served specimens, but not in others.

Force–Displacement. Typical force–displacement curves are
shown in Fig. 3 at three relative depths for (a) fresh tissue and (b)
cryopreserved tissue. Many changes in tissue properties postfreez-
ing can be seen in these plots. The resultant maximum force of
fresh tissue is approximately four times greater than cryopre-
served tissue for similar bulk-tissue strains. There is an apparent
inverted trend in the force–displacement curves between fresh and
cryopreserved tissue. Fresh tissue exhibits greater slope at lesser
displacement (concave-down), while the cryopreserved tissue
exhibits greater slope at greater displacement (concave-up). In the
SZ and upper RZs, the fresh tissue reached linearity at low dis-
placements (10–30 lm), but in direct contrast the cryopreserved
tissue reached linearity at much greater displacements. One simi-
larity of fresh and cryopreserved tissue is the nearly identical total
displacement for equal intratissue depths.

Modulus and GAG. Figure 4 shows distinct change in the
depth-dependent elastic modulus and GAG concentration for (a)
fresh and (b) cryopreserved tissue. The GAG concentrations,
determined in a previous study by microscopic magnetic reso-
nance imaging (lMRI) dGEMRIC method [4], were reanalyzed
into 10% relative depth increments to compare with the current
biomechanical results. (The canine specimens used in both the
previous lMRI study and the current study all came from the
same tissue source and belonged to the same species. We have
found over the last ten years that the humeral cartilage is nearly
identical for all the animals.) The elastic modulus increases expo-
nentially through 80% tissue depth in both fresh and cryopre-
served tissue; GAG concentration increases more linearly in fresh

Fig. 2 Representative images used in the calculation of chondrocyte displacement and elastic modulus for (a) fresh tissue
and (b) cryopreserved tissue. AS indicates the articular surface and TM indicates the tidemark. The white circles connected
by arrows show the displacements of chondrocytes through several strains (%). The thick white arrows indicate the forma-
tion of a black line.
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tissue but exponentially in cryopreserved tissue. Cryopreserved
GAG concentration is also markedly lower than fresh, especially
in the SZ and TZ, and remains nearly constant before abruptly
increasing at approximately 50% tissue depth. The numerical dif-
ference of fresh and cryopreserved tissue modulus also rises expo-
nentially (data not shown). Cryopreserved tissue samples without
Gd application had the same modulus profiles (data not shown).

Statistics. Statistically significant (p< 0.05) difference
between fresh and cryopreserved cartilage moduli and GAG con-
centration were found for all same-depth ranges. There was high
statistical difference (p< 0.001) between fresh and cryopreserved
cartilage moduli for 0–10%, 20–30%, 30–40%, and 50–60%
same-depth ranges. There was high statistical difference
(p< 0.001) between fresh and cryopreserved cartilage GAG con-
centration for all same-depth ranges.

Discussion

Osteochondral grafting has great prospects in joint repair when
using a properly functioning, long lasting implant. In addition to
the depth-dependent elastic modulus of articular cartilage that is
important for determining osteochondral graft viability, chondro-
cyte metabolism is at least in part controlled by mechanical stimu-
lation through deformation of the cartilage extracellular matrix
(ECM) [16]. Since articular cartilage is highly anisotropic, it is
important to understand the depth-dependent biomechanical prop-
erties. These biomechanical properties are altered in cryopre-
served osteochondral grafts, which can lead to reduced graft
function and longevity. This study has provided clear indicators of
cryodamage on biomechanical functionality, such as black line
formation (Fig. 2), significantly altered force–displacement pro-
files (Fig. 3), and dramatically decreased depth-dependent elastic

Fig. 4 Depth-dependent profiles of elastic modulus and GAG concentration. Depth is plotted on a relative scale where 0–10%
indicates the SZ and all other percentage ranges indicate relative intratissue depth. Values and error bars are mean 6 S.D. and
modulus is fit exponentially through 80% relative depth as (a) Ef 5 2.57 1 0.25e0.45x and (b) Ec 5 0.90 1 0.02e0.71x, where x is rela-
tive depth, and Ef and Ec are the elastic modulus of fresh and cryopreserved cartilage, respectively.

Fig. 3 Chondrocyte force–displacement curves for (a) fresh
and (b) cryopreserved tissue at several relative depths (%).
Each curve is illustrative of one chondrocyte from one sample
tracked through consecutive images. Y-axis scales differ due to
the significant reduction of cryopreserved tissue stiffness.
Error bars include load sensor error, multimeter error, and force
fluctuations at equilibrium.
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modulus (Fig. 4) giving rise to concerns about cryopreserved graft
viability.

Visual Observations. The abrupt GAG concentration [4]
increase at approximately 50% tissue depth explains the formation
of the black line in the last three images of Fig. 2(b). Compared to
the more linearly increasing GAG concentration [4] in fresh tissue
that generates continuously increasing stiffness, the abrupt
increase in degraded tissue creates a semirigid barrier forcing col-
lagen fibers to bend sharply. A similar black line formation has
also been observed in other degraded tissue experiments using
lMRI [17–19].

Force–Displacement. Figure 3 has substantial implications for
cryopreserved osteochondral implants. The concave-up and
concave-down trends indicate a “toe-region” typically seen in the
beginning of compression is not seen in fresh tissue, which may
be a result of the incremental step resolution; i.e., step increments
were approximately 30 lm, where much smaller increments may
be needed to observe a toe-region. In contrast, a highly elongated
toe-region is observed in cryopreserved tissue. Two explanations
for this incident are: (1) depth-dependent changes in GAG con-
centration [4] postcryopreservation (Fig. 4) and (2) friction
between the compression platen and cassette.

Modulus and GAG. First, a steadily increasing modulus
(Fig. 4(a)) and nearly linearly increasing depth-dependent GAG
concentration [4] (Fig. 4(c)) in fresh tissue produces smooth, con-
tinuous depth-dependent compression response when deformation
originates at the AS. In cryopreserved tissue, a far more gradually
increasing modulus (Fig. 4(b)) and GAG concentration [4]
(Fig. 4(d)) in the upper zones (less than approximately 50% rela-
tive depth) indicates greatest compressive strain occurs almost
simultaneously throughout a large depth range. The increasing
modulus difference (data not shown) shows the depth-dependent
exponential growth is slower in cryopreserved cartilage, also indi-
cating compliance occurs through a large depth range. Therefore,
as compression occurs at the AS, there is significantly less resist-
ance contributed by successive depths. The simultaneous com-
pression proceeds until maximum zonal compression is reached or
includes deeper, stiffer regions. A cryopreserved osteochondral
graft exhibiting this force–displacement trend could indicate
improper depth-dependent functionality that may lead to insuffi-
cient axial load distributions, increased wear in the upper zones,
and an overall increased wear rate.

Second, although care was taken to eliminate friction between
the compression platen and cassette, a small amount of friction
may have been present that could cause force readings not associ-
ated with the tissue. To the best of our abilities, experimental pro-
tocol was kept constant for all groups but an inadvertent
inconsistency may have developed since experiments were per-
formed over an extended period.

Depth-dependent elastic modulus measurements (Fig. 4) are
made to only 80% relative depth, since chondrocyte displace-
ments at greater depths are too small for accurate measurement at
4� objective magnification. This means bulk-tissue strains need
to greatly exceed 35% to produce measurable intratissue strains at
depths greater than 80%, which are uncharacteristic of physiologi-
cal loading conditions. Also, the exponential cannot accurately
predict the modulus at the TM due to the rapid divergence of the
modulus at the cartilage–bone interface but describes the tissue
well through 80% relative depth. The markedly reduced depth-
dependent modulus in cryopreserved tissue suggests an inability
for bearing heavy load such as the human body. Exponential
growth of fresh and cryopreserved depth-dependent modulus
difference (data not shown) suggests increased cryodamage
effect with increased depth. These postcryopreservation depth-
dependent abnormalities may lead to recurring osteoarthritic
conditions and joint pain.

Correlations. There is a correlation of our depth-dependent
findings and several other tissue studies of chondrocyte metabo-
lism [20], osteochondral graft GAG production [21], and chondro-
cyte annihilation [14,15]. Other investigations found mechanical
loading plays a crucial role in cartilage health by mechanically
stimulating chondrocyte metabolic activity [20] for proteoglycan
and GAG synthesis [22–24]. Since ECM deformation significantly
affects chondrocyte shape and volume [20], altered depth-
dependent tissue dynamics may lead to chondrocyte loading
uncharacteristic of healthy cartilage. Then, cryopreserved carti-
lage may not possess the mechanical qualities required to stimu-
late chondrocyte metabolism for cartilage maintenance and
regeneration, but higher magnification imaging is needed to verify
abnormal volume deformation.

Frenkel et al. found that in several types of osteochondral grafts
there was increased GAG loss with time after implantation and
suggests reduced loading at the graft site (femoral trochlear
groove) as one explanation [21]. They speculate hyalinelike carti-
lage produced by graft chondrocytes would quickly deteriorate
from inability of grafts to withstand compressive forces, thereby
limiting long-term proteoglycan synthesis. Although loading is
less in this region, our investigation provides an additional expla-
nation such that the reduced elastic modulus of cryopreserved
grafts may decrease or eliminate chondrocyte metabolic activity.

Muldrew et al. found 1 yr after transplanting cryopreserved
osteochondral grafts, chondrocytes were nonexistent in the inter-
mediate zone (approximately 50% relative tissue depth) [14,15].
One possible explanation for this finding is the odd loading condi-
tions in this zone, described as the black line at approximately the
same depth (Fig. 2(b)). If loading of cryopreserved osteochondral
grafts caused excessive collagen fiber bending, chondrocytes
could be eradicated in that region.

Assumptions and Limitations. Our testing apparatus provides
a novel technique for studying the depth-dependent biomechanical
properties of articular cartilage. Using this experimental design,
we are able to visually track the displacement of chondrocytes
within the tissue through simple optical imaging, providing an
additional method for biomechanical testing. Although our tech-
nique reduces the need for histological alteration, it forces us to
utilize a confined–unconfined configuration since the in-plane
image field of view allows for tissue expansion (unconfined),
while the tissue is bound by the glass cassette (confined) in the
optical path direction.

The added mass of the glass cassette, although minimal, could
introduce other variables such as friction between the cassette and
the clear glass window. We eliminated this effect by performing a
multistep stress relaxation test. By finding the slope of the force–
displacement curve, all other constant forces (e.g., friction) are
ignored and only the tissue forces remain.

A limitation of this study is the use of only one cryopreserva-
tion method since several methods exist. In the future, it would be
beneficial to test the depth-dependent mechanical functionality of
articular cartilage using several cryopreservation techniques.
Another limitation is the sample size of the groups. In order to
strengthen the statistical comparison between groups, many addi-
tional samples are required.

Conclusion

This preliminary study has shown the effects of cryopreserva-
tion on the depth-dependent biomechanical function of canine
humeral articular cartilage. The depth-dependent elastic modulus
of cryopreserved cartilage was greatly reduced, and it is clear that
cryopreservation causes damage to the tissue ECM. Our findings,
when compared with other investigations, suggest the reduced
depth-dependent modulus and improper intratissue loading of cry-
opreserved osteochondral grafts leads to increased wear, poor
functionality, reduced chondrocyte metabolism, and poor long-
term viability. In order to develop a proper storage method,
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continued depth-dependent investigations of cryopreservation
effects using additional cryopreservation techniques are of great
importance.
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