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Abstract

Objective: We investigated the effects of freeze-thawing on the properties of articular cartilage. Design: The reproducibility
of repeated biomechanical assay of the same osteochondral sample was first verified with || patellar plugs from 3 animals.
Then, 4 osteochondral samples from |5 bovine patellae were divided into 4 groups. The reference samples were immersed
in phosphate-buffered saline (PBS) containing proteolysis inhibitors and biomechanically tested before storage for further
analyses. Samples of group | were biomechanically tested before and after freeze-thawing in PBS in the absence and those of
group 2 in the presence of inhibitors. Samples of the group 3 were biomechanically tested in PBS-containing inhibitors, but
frozen in 30% dimethyl sulfoxide/PBS and subsequently tested in PBS supplemented with the inhibitors. Glycosaminoglycan
contents of the samples and immersion solutions were analyzed, and proteoglycan structures examined with SDS-agarose gel
electrophoresis. Results: Freeze-thawing decreased slightly dynamic moduli in all 3 groups. The glycosaminoglycan contents
and proteoglycan structures of the cartilage were similar in all experimental groups. Occasionally, the diffused proteoglycans
were partly degraded in group |. Digital densitometry revealed similar staining intensities for the glycosaminoglycans in all
groups. Use of cryopreservant had no marked effect on the glycosaminoglycan loss during freeze-thawing. Conclusion: The
freeze-thawed cartilage samples appear suitable for the biochemical and biomechanical studies.
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Introduction Cartilage tissue used for experimentation is often stored
frozen prior to use. Long incubations in aqueous solutions
(even overnight) are occasionally required for cartilage
analyses, such as diffusion studies of contrast agents used
for delayed gadolinium-enhanced magnetic resonance
imaging (MRI) or computer or contrast agent—enhanced
computed tomography.'® Thus, it is important to determine

Proteoglycans (PGs) consist of a protein core with one or
more sulfated glycosaminoglycan (GAG).'™ In addition to
collagens, the PGs are major components of articular carti-
lage. Loss of PGs is a characteristic feature of cartilage deg-
radation in osteoarthritis, which besides collagen
degradation has significant effects on the cartilage func-
tional properties. Previously, it has been reported that
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whether there are any structural changes that could occur in
the cartilage tissue due to freezing or as a result of the long
incubations during testing.

Dimethyl sulfoxide (DMSO) is a commonly used cryo-
protectant for cell storage and cartilage tissue preserva-
tion''"""* and has been shown to reduce the loss of the GAGs
from the cartilage during freeze-thawing.'® Although the
freezing causes degenerative cellular alterations, no marked
changes in extracellular matrix (ECM) structure were
detected with electron microscopy.'™'® In contrast, a recent
study with MRI suggested that a significant decrease in the
PG content of porcine cartilage occurred during 36 to 72
hours of incubation in phosphate-buffered saline (PBS)."* A
single freeze—thaw cycle did not cause changes on the carti-
lage T or k_ (magnetization transfer rate) parameters of
MRI measurement, whereas additional cycles resulted in
significant alterations.'* The conflicting results published in
literature'*'*?° warranted us to investigate the influence of
the freeze—thaw cycle on the biochemical and biomechani-
cal properties of the articular cartilage. Biomechanical
stress-relaxation tests were conducted before the freezing
for 21 to 24 hours, and again following 18-hour storage at
room temperature after thawing. The content, the structure,
and the zonal distribution of the PGs in cartilage tissue were
analyzed before and after various storage protocols.

Materials and Methods

Sample Preparation

Eighteen intact, mature bovine knee joints (age 18-24
months) were obtained from a local abattoir (Atria
Corporation, Kuopio, Finland) 4 to 5 hours after the cows
were slaughtered. Eleven osteochondral samples from 3
animals were first used for reproducibility analysis of
repeated biomechanical measurements, whereas the sam-
ples from 15 other animals were then collected to study
freeze—thaw effects on the articular cartilage. An osteo-
chondral disk (d =25.4 mm) was prepared from each patella
within 4 to 5 hours of death. The osteochondral plugs (d =6
mm) were detached from each disk using a biopsy punch
(Fig. 1). The patella was chosen for sampling as it has a
wide area of flat surface, rather constant thickness,”""*? and
its stiffness is on average level compared with other ana-
tomical sites of the bovine knee joint.”'** Therefore, we
believe that the results obtained using these samples are
rather representative also to the other cartilage areas.

For freeze-thawing experiments, the samples were ran-
domly divided into either the reference group or 1 of 3
experimental groups. The samples of group 1 were stored in
S mL of PBS (pH 7.4, Euroclone, Pero, Italy) during all test-
ing and storage, whereas those in group 2 were stored in
S mL of PBS containing inhibitors of proteolytic enzymes
(5 mM benzamide-HCI and 5 mM EDTA; Sigma-Aldrich,
St. Louis, MO) and antibiotics (100 U/mL penicillin and
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Figure |. Schematic presentation of the sample preparation
procedure.

Patella

100 mg/mL streptomycin; Euroclone) during all testing and
storage. The specimens in group 3 were stored in 5 mL of
PBS-inhibitor solution during the first biomechanical test-
ing. Before freezing they were immersed for 90 minutes in
30% DMSO-PBS solution bath, containing the same con-
centrations of the enzyme inhibitors and antibiotics as the
PBS solution, to protect the cartilage from possible dam-
ages during freezing.”’ The reference group was representa-
tive of intact in vivo cartilage, which was stored in 5 mL of
PBS-inhibitor solution during the biomechanical testing,
and then immediately processed for histological and bio-
chemical assessments after testing. Fifteen plugs in each
group were used in this study.

As the samples in the reference group were processed to
represent the intact tissue as closely as possible, they were
kept immersed in the PBS-inhibitor solution only for the
period of the biomechanical testing and were not taken
through the freeze—thaw treatment. Each plug in group 1
was always immersed in 5 mL of PBS, representing the
worst scenario for the PG loss. Subsequently, the thickness
of the articular cartilage layer in each plug was measured
using a stereomicroscope (Nikon SMZ-10, Nikon Co,
Tokyo, Japan).

Biomechanical Testing of Cartilage Samples

For biomechanical testing,”* the osteochondral samples
were mounted on the bottom of the measuring chamber
with ethyl cyanoacrylate (Loctite, Westlake, OH). Using
the motion controller (resolution 0.1 um) of the test appara-
tus, the cartilage surface in the middle part of the sample
was detected based on the non-zero force signal (resolution
of the load cell 1 mN) with a plane-ended indenter (d=1.01
mm). This was followed by stepwise stress relaxation tests
(3 x 5% steps, 2 mm/s ramp velocity, and 900 seconds
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relaxation time after each step). Equilibrium elastic modu-
lus of the cartilage was calculated from the linear region of
the equilibrium stress—strain curves by assuming the
Poisson’s ratio of 0.1 for cartilage.>?® Dynamic elastic
modulus as a function of strain was calculated using the
peak stresses of the stress—relaxation curves. To determine
the dynamic modulus, the cartilage was assumed to be
incompressible during instantaneous loading (Poisson’s
ratio = 0.5).

The reproducibility of the biomechanical measurements
was determined by measuring the equilibrium and the
dynamic modulus of the fresh cartilage samples (n = 11)
twice.”” The indenter was placed as close as possible to the
center of the samples. After the initial measurement, the
samples were detached from the sample holder, allowed to
re-swell in the supplemented PBS mixtures at room tem-
perature for 30 minutes, and reattached to the sample holder
for repeated biomechanical testing.

The biomechanical properties of the osteochondral sam-
ples in groups 1 to 3 were measured before and after the
freeze—thaw cycle described above. The reference samples
were measured only once, after which histological samples
were immediately fixed and embedded in paraffin, whereas
the samples reserved for the biochemical analyses were fro-
zen immediately and analyzed at the same time as the sam-
ples taken through the freeze—thaw cycle. This compromise
was chosen to be able to perform the biochemical analyses
together with the samples taken though the freeze—thaw
cycle.

Freeze—Thaw Cycle

After biomechanical testing, samples in groups 1 to 3 were
frozen in the storage solutions described above for 21 to 24
hours at —21°C. Although cartilage samples are often
stored for a rather long time frozen, we chose a relatively
short storage time, as the freezing and the subsequent thaw-
ing are most likely the steps most harmful for the stored
tissue in comparison to the more prolonged storage as fro-
zen in stable temperature. For the second biomechanical
testing, the samples were allowed to thaw for 1 hour at
room temperature. The samples in group 1 were placed
back into PBS, and those in groups 2 and 3 into the PBS-
inhibitor solution, and stored at room temperature for 18
hours. This time period was chosen to simulate the chal-
lenging conditions needed for, for example, MRI** or
quantitative computed tomography” contrast agent diffu-
sion studies in order to reach the equilibrium state. After
room temperature storage, the biomechanical testing was
performed again, and all the samples were processed for
histological and compositional analyses. The samples were
always placed in the same individual bathing solutions and
were stored at —21°C for further GAG and PG analyses.
The DMSO solutions used during freezing in group 3 sam-
ples were also collected.

Water Content Analysis

Prior to the analysis of the PG content, the water contents of
the samples were measured. Briefly, the cartilage samples
were cut vertically into 2 halves, and the subchondral bone
was removed with a razor blade. One half was fixed and
processed for histology, whereas the other half was used for
biochemical analyses. The wet weight of each biochemical
sample (half of the cartilage plug) was quantified by weigh-
ing them in PBS solution to ensure full hydration. The sam-
ples were then lyophilized for 18 to 68 hours until a constant
weight was reached to determine the dry weight of the sam-
ples, and the water content was calculated from the wet and
dry weights of the samples.

Proteoglycan Extraction and Quantification

The frozen cartilage tissues were thawed at room tempera-
ture, and the PGs were extracted with 4 M guanidine-HCl
containing 50 mM sodium acetate, 10 mM sodium EDTA,
pH 5.8, and 5 mM benzamidine-HCI. The extraction was
performed for 48 hours at 4°C. The extracted PGs and the
washing solutions were dissolved in sterilized water after
precipitation with 75% alcohol and stored frozen at —70°C
for further analysis. The nonextractable PGs were solubi-
lized by papain digestion at 60°C overnight. The content of
the PGs was measured with a dimethylmethylene blue
(DMMB) assay.>’ Chondroitin sulfate (CS; Sigma-Aldrich)
from shark was used to create the standard solutions for the
DMMB assay.

Proteoglycan Separation with Agarose Gel
Electrophoresis

The extracted PGs were separated with 1.2% agarose gels
as in previous studies®' after a small modification. Briefly,
based on the DMMB assay 5 pg of the extracted PGs were
dissolved in 10 pL of sample buffer (1% SDS in 40 mM
Tris-acetate and 1 mM sodium sulfate buffer, pH 67.8) and
boiled for 5 minutes. After cooling, 5 puLL of color solution
(60% sucrose and 0.05% bromphenol blue) was added to
the samples. Electrophoresis was performed for 3 hours at
a constant current and voltage of 50 mA and 35 V, respec-
tively. Methanol-fixed gel was stained with 1% toluidine
blue in 3% acetic acid and destained with 3% acetic acid
until the background was uniformly light blue. Subsequently,
the gel was scanned and photographed. The scanned
images were analyzed using Image J software (version
1.36b, National Institutes of Health, Bethesda, MD). Each
lane area was selected separately to obtain a corresponding
densitogram, and the background of the sample-free arcas
from both sides of the gel was averaged and subtracted
from the sample densitograms. The mobility of CS was
used to standardize the mobility data, giving CS a mobility
of 1. The percentual amount of staining intensity in each
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Figure 2. The Bland—Altman limits of agreement analysis for the equilibrium and the dynamic modulus (n = 11).

pixel line of the densitogram was calculated to draw the
background-corrected densitograms. The relative mobility
of the slower-migrating large PG band was estimated from
the first peak of the densitogram.

Digital Densitometry of Proteoglycans

The cartilage samples were embedded in paraffin, and
three 3-um-thick sections were cut and stained with
Safranin O (ICN Biomedicals Inc., Aurora, OH). The opti-
cal density of the stain was quantified with a digital densi-
tometric assay to estimate the tissue fixed charge content
and the distribution. Grayscale images of the Safranin
O-stained sections were captured and converted into
absorbance units.**** The optical density measurements
were conducted using a computer-controlled CCD camera
(SenSys, Photometrics Inc., Tucson, AZ) attached to a
light microscope. To obtain the optical density values for
statistical evaluation, the average optical density values
were calculated for superficial, intermediate, middle, and
deep zones. First, the whole depth of cartilage in each sam-
ple was divided into 12 depth-wise sectors. The average
values from the first sector represented the superficial
zone, and the next one the intermediate zone. The next 5
sectors (3 to 7) were used to calculate the average optical
density of the middle zone, and the last 5 sectors the deep
zone. The selection of the sectors used for each zone was
based on a previous study.** Although the differences in
the cartilage thickness may cause some inaccuracy in the
discrimination of identical 4 zones, a rather small variance
in the patellar cartilage thickness'"** was considered to jus-
tify the chosen division. All the measurements were per-
formed at the same session to minimize the methodological
variation.

Statistical Analyses

Bland—Altman method was used to analyze the agreement
of 2 measurements on the equilibrium and dynamic modu-
lus, because it is considered by most statisticians the most
appropriate method to test whether the measurements
agree.”® The normality of distributions was confirmed with
the Shapiro—Wilk test (P > 0.122). Therefore, parametric
tests were used in the analysis. Statistical significance of the
differences in the defined parameters was determined prior
and after the freeze—thaw cycles, and the differences
between the control and experimental groups were analyzed
by paired-sample and independent sample f-test with
Bonferroni-Holm correction. A difference was considered
statistically significant when the P-value was less than 0.05.
IBM SPSS statistics 19 (SPSS, Chicago, IL) was used for
the statistical analysis.

Results

In this study, repeated biomechanical measurements were
performed to evaluate the effects of the freeze-thawing on
the cartilage properties. The Bland—Altman analysis showed
that the 2 measurements of the equilibrium and the dynamic
modulus agreed well. The limits of agreement for the equi-
librium modulus are the following: mean difference + 2 SD =
—0.0009 £ 0.07872 MPa (Fig. 2); for the dynamic modulus:
mean difference £ 2 SD =—-0.0164 + 0.94446 MPa (Fig. 2).
The differences between the measurements lie within the
limits of agreement in more than 95% of the measurements,
showing the repeatability of the measurements.
Biomechanical testing was then performed for the sam-
ples collected from 15 animals before and after the freeze-
thawing. We observed that the freeze—thaw cycle did not
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Table I. The Biomechanical Parameters (Mean, MPa), Water Content, and Relative Mobility of Major Large PG (Mean, %) of the
Samples Analyzed Before and After the Freeze—Thaw Cycle.

Equilibrium modulus Dynamic modulus Water content PG mobility
Before Mean After, Mean Before, Mean After, Mean
Group (95% ClI) (95% ClI) (95% ClI) (95% ClI) Mean (95% Cl) Mean (95% Cl)
Ref 0.81 (0.71-0.91) 4.70 (3.37-6.03) 77.1 (75.9-78.4) 43.6 (41.5-45.7)
| 0.96 (0.85-1.06) 0.93 (0.83-1.04) 6.42 (4.94-7.89) 6.10 (4.79-7.41)* 77.7 (76.5-78.8) 44.6 (42.6-46.6)*
2 0.80 (0.65-0.96) 0.83 (0.68-0.97) 4.56 (3.68-5.45) 4.4] (3.56-5.26)* 78.0 (76.8-79.2) 44.7 (43.5-46.0)*
3 0.87 (0.76-0.98) 0.87 (0.77-0.97) 4.89 (3.68-6.08) 4.57 (3.55-5.59)* 77.8 (76.4-79.1) 44.4 (43.0-45.7)
PG = proteoglycan; Cl = confidence interval; Ref = reference group; | = samples in PBS bath; 2 = samples in PBS bath containing enzyme inhibitors and

antibiotics; 3 = samples in PBS with enzyme inhibitors and antibiotics, freezing in 30% DMSO; *P < 0.05, paired-sample t test (equilibrium and dynamic

modulus) and independent-sample t test with Bonferroni-Holm correction (water content and PG mobility) statistical analyses were used (n = I5).

change the equilibrium moduli in 3 groups, and the water
contents did not differ between the 4 groups (Table 1).
However, a small statistically significant decrease in the
dynamic moduli appeared after the freeze—thaw cycle in the
samples in groups 1 to 3 (P <0.05, Table 1).

We analyzed the GAG content and the PG structures to
check whether the freeze-thawing affected the PG content
and the PG subpopulation sizes. The cryoprotected group
had slightly higher content of the tissue GAGs (the sum of
the GAGs present in the extract and the extraction tissue
residue) than the other groups. It was even higher than in
the reference sample, which was reserved for the analyses
immediately after the first biomechanical testing and did
not go through the freeze—thaw cycle. However, the differ-
ences between the groups were not statistically significant
(Fig. 3). The GAG contents, which diffused into the bathing
solutions, were the following: group 1, 3.1 + 1.2%; group 2,
4.2 +0.8%; and group 3, 3.1 £ 0.7% (mean + SD). Besides
showing no significant differences, these values are only
approximate, because the diffused GAGs were derived
from the whole cartilage disk, whereas the tissue analyses
were performed for half of the disk. The loss of the GAGs
to the bathing media in the reference group was 1.4 + 0.6%,
which is not comparable to the other groups because of the
much shorter time the samples were in the aqueous solu-
tion. The amounts of GAGs in the DMSO bathing solution
were below the detection level.

In agarose gel electrophoresis, all the samples had one
major, slowly migrating band of the large PGs (Fig. 4A and
B). The mobility of the small PGs decorin and biglycan has
been previously shown to be 0.80 to 0.85 in relation to CS.*
The band for the small PGs was only barely detectable in
the tissue-extracted samples. The sample sets in Figure 4A
and B are from 2 different animals. A weakly stained band
of the diffused large PGs could be seen in all the sample
groups (Fig. 4A and B). However, an obvious degradation
of the diffused large PGs could be seen in group 1 (which
contained no inhibitors of proteolysis) in 10 out of 15 ani-
mals (Fig. 4A).

50+
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GAG content/wet weight
(ng/mg)
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2
Group

Figure 3. The contents of the tissue GAGs (sum of the
extractable and the residual ones, mean * 95% confidence
intervals). The groups did not differ significantly from each
other. Numbers | to 3 represent groups | to 3, respectively.
Reference denotes the reference group, n = I5.

The structure of the PGs was investigated from the aga-
rose gel densitographs, using the migration position of the
CS as a reference. As the partially cleaved PGs should be
smaller and faster migrating than the native ones, we located
the relative migration positions for the peak maxima of den-
sitographs for the largest PGs. The relative mobility of the
large PGs appeared slightly different between the reference
and the group 1 samples (Table 1, p =0.051). All in all, the
densitometry plot profiles of the PGs indicate that the struc-
tures of the PGs in all the groups were highly comparable
(Fig. 4C).

Safranin O has been shown to be useful for quantifica-
tion of the GAGs both for in vitro®® and in vivo®” samples.
The digital densitometry of Safranin O-stained sections
(Fig. 5A) was used to estimate the amount of fixed charge
density of the samples. The comparison of the plots showed
that the reference group appeared to have the highest PG
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Figure 4. Agarose gel electrophoresis of the extracted proteoglycans (PGs) shows the presence of the slowly migrating bands,
representing the large PGs, and the faster the migrating smaller PGs (lanes 1-4). Sample sets from 2 different animals are shown in the
subfigures (A) and (B). The diffused PGs (lanes 5-8) often revealed a fast mobility band in group 2, indicating that the PGs occasionally
degraded in the absence of proteolysis inhibitors (A, lane 6). The representative densitometry plot profiles of the extracted PGs
showed that the structures of PGs in groups | to 3 and reference group were comparable with each other (C). C = bovine native
cartilage PGs; CS = chondroitin sulfate; lanes 2-4 = PGs from cartilage in groups | to 3; lanes 6-8 = PGs diffused into bathing solutions
in groups | to 3; and lanes | and 5 are reference samples. Reference denotes reference group.

content, whereas group 1 had the lowest one (Fig. 5B). The slightly higher in every zone. However, no significant dif-
average zonal staining intensity was also calculated. In the ferences could be found between the groups in any cartilage
reference group, the Safranin O staining intensity appeared ~ zone (Fig. SC).
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Figure 5. Representative Safranin O stained histological sections (A) and the plots of optical density of Safranin O—stained
histological sections, measured by means of the digital densitometry (B). Quantitatively, no obvious differences in Safranin O staining
could be seen between any group. For the relative cartilage depth, “0” indicates the superficial cartilage and “1” the full depth in the
deep zone. The control group had the highest PG content throughout the cartilage depth, whereas group 2 had the lowest one. The
average values of the optical density were determined for the superficial, the intermediate, the middle, and the deep zones (mean +
95% confidence intervals) (C). No significant differences could be found between the groups at any cartilage zone. Numbers | to 3 in
A, B, and C represent groups | to 3, respectively, and Reference denotes the reference group (n = I5).
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Discussion

The maintenance of the ECM structure of the articular car-
tilage during storage is important, because very often all
the desired analyses cannot be done immediately after the
collection of the tissue. Long incubation times are also nec-
essary, for example, to reach the diffusion equilibrium of
the contrast agents used for MRI or computed or contrast
agent—enhanced computed tomography. The biomechani-
cal measurements of the bovine articular cartilage after
chondroitinase ABC or collagenase enzyme treatments
suggested that the collagens would be responsible for the
dynamic properties, whereas the PGs give the static (or
equilibrium) properties.”’ This study indicates that the
freeze-thawing did not affect the equilibrium moduli of the
samples. However, the dynamic moduli were 4.5% to 6.1%
lower in all 3 groups, which were taken through the freeze—
thaw cycle and the subsequent storage at room tempera-
ture. Thus, our results may indicate that some damage of
the collagen network has occurred during the process. On
the other hand, there were no differences between the
groups in the water contents. As loosened network due to a
partial collagen degradation would likely result in the
higher water content of the tissue, this result suggests that
only minor changes in the collagen structure may have
happened.

The contents of the tissue GAGs were slightly higher in
the cryoprotected freeze—thaw samples than in the reference
samples. The reference samples were collected for the bio-
chemical analysis immediately after the biomechanical test-
ing and, as the least processed samples, were predicted to
have the highest GAG content. The higher level of the
GAGs in the cryoprotected cartilage samples may derive
from a normal variation between the individuals and the
sampling sites. However, DMSO may also interfere with
the DMMB assay. This seems possible, because in a previ-
ous study the DMSO-treated freeze—thaw samples also had
6.9% to 29.8% higher GAG concentrations than the fresh
ones.'® Additional attention was paid to this possibility in
the densitometric analysis of Safranin O-stained sections.
In the processed thin histologic sections, the possible inter-
ference caused by DMSO should be minimal. In fact, digital
densitometry showed that the reference group had slightly
higher staining intensity for the GAGs than the other 3
groups, as would be expected.

It has been suggested that the formation of ice crystals
during the freezing procedure interrupts the cartilage ECM.
However, the degradation caused by the freeze-thawing did
not appear to be very significant, because the biochemical
and the biophysical properties of the frozen cartilage were
very close to those in the control samples. Also, the struc-
tures of the extracted PGs were very similar in all the
groups, showing no apparent degradation of the PGs. These
results are consistent with some other studies, which either

showed only minor changes in the PG contents or the bio-
mechanical/electromechanical properties after the freeze—
thaw of cartilage.'”'**" However, conflicting reports are
also present, reporting rather dramatic changes in the GAG
contents'*'® due to the freeze—thaw procedure.

There are some differences in the experimental set-ups
in the conflicting studies. In the report by Laouar et al.,"
the samples that were stored for up 2 weeks at —80°C were
measured both immediately after thawing and after 36 to 72
hours of incubation in PBS at 37°C. Under these conditions,
a loss of CS (or in fact PGs), shown by the MRI analyses
performed after the 12 to 24 hours of incubation in the anti-
biotics-supplemented PBS at 37°C, was statistically signifi-
cant in the samples either slowly cooled in PBS or
snap-frozen before the freezing for 2 weeks, whereas the
samples slowly cooled in DMSO had values rather close to
the control ones.'* However, the biochemical data they col-
lected after the 36 to 72 hours of incubation in PBS showed
statistically significant loss of GAGs in the samples snap-
frozen or those slowly cooled in DMSO (78% and 83%
loss, respectively), whereas the samples slowly cooled in
PBS did not differ significantly from the control ones."*
Thus, the conflicting data on the PG loss are evident also in
that study.

On the other hand, one previous study stated that in all
the sample groups there was 36% to 52% increase in
hydroxyproline (equivalent to collagen) content per dry
weight during the 36 to 72 hours of incubation in PBS after
the thawing.'"* The authors proposed that the result may
reflect the time-sensitive nature of the biochemical assay
and illustrate the up-regulation of the injured chondrocytes
that occurs during the degradation processes.'* However,
the increase in the total collagen content is very high, espe-
cially for the samples that were frozen in PBS without cryo-
protectant. Such treatments would apparently kill most, if
not all, of the frozen chondrocytes in the cartilage tissue.
Thus, it is obscure how the cartilage tissue could produce so
much new collagen.

In the study by Zheng et al.,'® one major difference in
comparison to our study is the species used for the study
(canine vs. bovine cartilage). Therefore, the thickness and
the architecture are somewhat different, which can affect
the tendency of PG diffusion from the cartilage. The dura-
tion of the freezing can also be different. We used 21 to 24
hours, whereas Zheng et al.'® stated that the freezing time
for their samples was 4 days. However, their duration of
the freezing given in the Methods section is 24 hours.'
Although we may have a shorter duration for the freezing,
we assume that the freezing and thawing are processes
more harmful for the maintenance of the cartilage structure
and the integrity than the freezing time at constant tem-
perature, and we do not believe that the difference in the
freezing time can cause the major differences found in our
results.
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The sample size can be assumed to have importance for
the loss of PGs. Zheng et al.'® used a smaller sample size
(1.75 x 2 x 6 mm), whereas we used cylindrical samples
with a diameter of 6 mm. Faster diffusion of the PGs from
the samples with smaller dimensions can partly explain the
variation in the results. This is a fact that is relevant for
human samples, in case only small biopsies can be col-
lected. The use of proteinase inhibitors was also different in
our study compared with the others.'*'® They may protect
PG loss by preventing their proteolytic cleavage, although
we did not notice a big difference between the groups incu-
bated with or without inhibitors.

Dimethyl sulfoxide, a common cryoprotectant, is used to
protect the cartilage against damage during storage by pre-
venting the formation of ice crystals. Our present study
showed that DMSO may have a minor role in protection
against GAG loss. Only about 3% to 4% of the GAGs from
total were diffused to the bathing solution when the freeze-
thawed samples were kept there for up to 18 hours. These
results are not consistent with the previous study showing
that more than 50% of the GAGs can be lost from the carti-
lage tissue by immersing the frozen—thawed tissue in PBS.'°

There are certain limitations in this study that have to be
considered when interpreting the generalization of the
results. The samples were collected only from the bovine
patellae, and thus, they may not fully represent the condi-
tions of the other anatomical sites of the articular cartilages.
The comparison with small biopsy samples is probably not
relevant, because the diffusion of the PGs from the smaller
sized samples is relatively much easier. Also the duration of
the freezing was short compared to the likely storage time
of the collected experimental sample series. Because of the
experimental design, the reference samples had a slightly
different treatment compared with the biomechanically
tested samples.

Conclusion

The freeze—thaw cycle caused minor changes only in the
dynamic modulus of the articular cartilage, but otherwise
no significant differences could be observed between the
different freeze—thaw treatments. The frozen samples were
very similar to the minimally processed reference samples.
Thus, a single freeze-thawed (frozen at —21°C for 21-24
hours, thawed at room temperature for up to 18 hours) car-
tilage samples appear suitable for biochemical and biome-
chanical studies.
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