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Abstract
Background—Osteochondral allografts are currently stored at 4°C for 2–6 weeks before
implantation. At 4°C, chondrocyte viability, especially in the superficial zone, deteriorates starting
at 2 weeks. Alternative storage conditions could maintain chondrocyte viability beyond 2 weeks,
and thereby facilitate increased graft availability and enhanced graft quality.

Purpose—Determine effects of prolonged 37°C storage compared to traditional 4°C storage on
chondrocyte viability and cartilage matrix content.

Study Design—Controlled Laboratory Study

Methods—Osteochondral samples from humeral heads of adult goats were analyzed (i) fresh, or
after storage in medium for (ii) 14d at 4°C including 10% FBS, (iii) 28d at 4°C including 10%
FBS, (iv) 28d at 37°C without FBS, (v) 28d at 37°C including 2% FBS, or (vi) 28d at 37°C
including 10% FBS. Portions of samples were analyzed by microscopy after LIVE/DEAD®

staining to determine chondrocyte viability and density, both en face (to visualize the articular
surface) and vertically (overall and in superficial, middle, and deep zones). The remaining
cartilage was analyzed for sulfated-glycosaminoglycan and collagen.

Results—37°C storage maintained high chondrocyte viability compared to 4°C storage. Viability
of samples after 28d at 37°C was ~80% at the cartilage surface en face, ~65% in the superficial
zone, and ~70% in the middle zone, which was much higher than ~45%, ~20%, and ~35%,
respectively, in 4°C samples after 28d, and slightly decreased from ~100%, ~85%, and ~95%,
respectively, in fresh controls. Cartilage thickness, glycosaminoglycan content, and collagen
content were maintained for 37°C and 4°C samples compared to fresh controls.

Conclusion—37°C storage of osteochondral grafts supports long-term chondrocyte viability,
especially at the vulnerable surface and superficial zone of cartilage.

Clinical Relevance—Storage of allografts at physiological temperature of 37°C may prolong
storage duration, improve graft availability, and improve treatment outcomes.
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Introduction
Osteochondral allografting is used for the repair of large articular cartilage defects by
restoring mature, hyaline cartilage in a biologically, structurally, and functionally
appropriate manner. Young, active patients with large (> 2cm2) chondral or osteochondral
defects are suitable candidates for osteochondral allografting2,12,25,34. In addition,
osteochondral allografting is performed when other surgical techniques, such as marrow
stimulation and cell transplantation, have failed previously or are contraindicated12,34.
Osteochondral allografts have been used for treatment of focal cartilage defects33,40,59,
osteochondritis dissecans19,23, as well as post-traumatic, osteonecrotic, and bipolar lesions
in the knee6,11,41. Overall, usage of such allografts has resulted in clinical success rates
exceeding 75%6,10,11,14,19,23,41. For transplantation of allografts, as with any allogenic
organ or tissue, potential disease transmission and immunogenicity are important
considerations 2,14,25,26,34; however, the limited availability of suitable grafts, due in part to
storage duration, restricts widespread application25,26.

Currently, fresh graft tissue is stored at 4°C to accommodate federal regulations that require
tissue banks to screen and test donor tissue for infectious diseases prior to implantation1.
Such testing typically requires 14 days26,33,59; grafts are used after prolonged storage on
average 24 days after harvest (range 15–43 days)26,33,40,59. During short-term storage at
4°C, cartilage can be maintained in a biologically viable, but quiescent state, one in which
chondrocyte metabolism is lower than normal5,9. However, during prolonged storage at 4°C,
chondrocyte viability deteriorates with a substantial decrease by 28 days and with a decrease
to as low as 40% by 14 days5,15,17,46,48,53,57,58,61; such deterioration has led to
recommended actions for a maximum duration of graft storage (“shelf-life”) and an
implantation time within 30 days of harvest33,40. Alternative storage conditions that
maintain chondrocyte viability for a longer duration may lead to an increase in “shelf-life”,
and in turn, the availability of osteochondral allografts to surgeons and their patients.

Normally, chondrocyte metabolism contributes to cartilage homeostasis, and low
chondrocyte viability within allografts is associated with tissue degeneration. Fresh
osteochondral allografts, procured within 48 hours of donor death and implanted within 7
days, have high chondrocyte viability; retrieved grafts have contained viable chondrocytes
up to 29 years after implantation13,30,39,42,60. Massive, frozen osteochondral allografts have
been used in oncologic reconstructions after limb-salvaging resection of joint tissue due to
tumors35,37,38. In contrast to fresh allografts, frozen grafts are devoid of viable
chondrocytes, and specimens retrieved at 8 months to 5 years after reconstructive surgery
generally display degenerate and acellular cartilage20,21. Graft efficacy may be improved by
implanting tissue with high chondrocyte viability to better maintain tissue composition,
structure, and function16,20,21.

During the routine storage of osteochondral donor tissue at 4°C, death of chondrocytes
increases with storage duration, especially in the superficial zone of cartilage. Certain 4°C
storage solutions can improve chondrocyte viability, while maintaining cartilage matrix
content. Compared to fresh controls, grafts stored at 4°C for 28 days in a variety of storage
solutions (i.e. lactated Ringers solution, serum-free culture medium) had lower chondrocyte
viability, especially in the superficial zone5,15,46–48,53,57,58,61, while maintaining cartilage
glycosaminoglycan (GAG) content5,48. During 4°C storage, supplementation of culture
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medium with fetal bovine serum (FBS) improved chondrocyte viability in osteochondral
grafts, especially in the superficial region, compared to other storage solutions described
above, although viability was still lower than that in fresh controls5,46,48,53. In addition, pre-
equilibration of medium with 5% CO2, which maintains physiological pH near 7.4,
improved chondrocyte viability in grafts compared to equilibration with ambient air, which
is traditionally used during 4°C storage17. Since chondrocytes exhibit zone-specific
functions,3 assessing depth related variations in chondrocyte viability may help to
understand graft performance. The loss of viable chondrocytes, especially in the superficial
zone, may contribute to graft degeneration and subsequent failure, since early stage cartilage
deterioration is evident at the articular surface. Graft efficacy may benefit from improving
chondrocyte viability by modifications to storage conditions.

Incubation of osteochondral samples at physiological temperature may prevent storage-
associated chondrocyte death and also maintain GAG content in the cartilage. In
osteochondral cultures retained on their natural bone support, the chondrocytes remained
viable, and the cartilage showed no signs of degeneration, even after prolonged storage (3–6
wks) at 37°C in medium with various concentrations of serum18,32. Cartilage explants and
osteochondral fragments incubated at 37°C in medium with different serum concentrations
resulted in varying amounts of GAG deposition7,27,28,32,54,55; immature cartilage explants
in medium with 10–20% FBS incubated for 2–3 weeks maintained GAG content28,43. Thus,
the objectives of this study were to determine the effects of prolonged 37°C storage
compared to traditional 4°C storage on the (1) chondrocyte viability, especially in the
superficial zone, and (2) cartilage matrix content in fresh, goat osteochondral grafts.

Methods
Osteochondral Harvest

Osteochondral cores (n=65) were harvested from seven humeral heads of four mature (3–4
yr) male Boer goats. Caprine shoulders with intact joint capsules were obtained from a
USDA licensed vendor and used within 48 hours of sacrifice. Under sterile conditions, joints
were isolated and osteochondral cores were harvested by, first, scoring the cartilage surface
with a 3.0 mm dermal punch and, second, coring with a custom 3.2 mm bit. The cartilage
was kept hydrated throughout the procedure with copious amounts of phosphate-buffered
saline (PBS) supplemented with antibiotics-antimycotic, 100 U/mL penicillin, 100 μg/mL
streptomycin, and 0.25 μg/mL fungizone (PSF). Prior to storage, each sample was
thoroughly rinsed with PBS+PSF, and the bone was trimmed to a 4:1 bone to cartilage
thickness ratio. For all samples, the subchondral bone was not analyzed quantitatively by
LIVE/DEAD® staining because qualitatively it contained only dead cells and no viable cells,
and this subchondral bone viability did not vary with storage condition.

Storage Conditions
Six storage conditions were analyzed (Table 1). Samples were either analyzed fresh (group
i) or after storage for 14 or 28 days (groups ii–vi). Storage medium consisted of minimum
essential medium Eagle with additives (10 μg/mL ascorbic acid, 2 mM L-glutamine, and
PSF) with 0% FBS, but including 0.01% bovine serum albumin, 2% FBS, or 10% FBS.
Samples stored at 4°C with 10% FBS for 14 or 28 days (groups ii and iii) were placed in
glass vials with medium pre-equilibrated to 5% CO2 and sealed tightly. Samples stored at
37°C with 0%, 2%, or 10% FBS (groups iv, v, and vi) were incubated for 28 days in 24-well
plates in an atmosphere with 5% CO2. At the end of storage, 4°C samples were cut in half
with a single edged razor blade (using a custom stainless steel jig that was pre-cooled on
ice), gradually warmed at room temperature for 30 minutes, and then incubated at 37°C for
an additional 48 hours to bring samples to standard culture conditions. At the end of storage,
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37°C samples were cut in half (using a jig warmed at 37°C), and then incubated for an
additional 48 hours. Medium, 1.5 mL/sample, was changed three times per week, a relative
medium volume and replenishing frequency that were sufficient to keep cartilage viable
during prolonged 37°C storage of osteochondral fragments32.

Chondrocyte Viability
All samples were analyzed for live and dead cells using LIVE/DEAD® (Molecular Probes,
Inc., Eugene, OR) staining, fluorescence microscopy, and image processing. Each half-core
sample was stained by incubation in medium containing 2.7 μM calcein AM and 5.0 μM
ethidium homodimer-1 for 15 minutes at 37°C. Metabolically active cells permit calcein AM
to enter through the intact plasma membrane where the dye is cleaved by cytoplasmic
esterases yielding green fluorescence56. In contrast, ethidium homodimer-1, which is
membrane impermeable, binds to DNA of membrane-compromised cells yielding red
fluorescence45. Samples were fluorescently imaged along a vertical profile using a 10x Plan
Fluor objective lens (NA = 0.3; Nikon), a microscope (Eclipse TE300, Nikon, Melville,
NY), an arc lamp, a G-2A (for “dead” images; Nikon) or B-2A (for “live” images; Nikon)
filter cube, and a SPOT RT camera (Diagnostic Instruments, Sterling Heights, MI) to obtain
images indicating live and dead cells. The articular cartilage with the surface intact was then
removed from the bone, and the articular surface was imaged en face. For each 8-bit
grayscale image with 1600 × 1200 pixels, the field of view was 1.2 × 0.9 mm2.

The images were processed to determine the cartilage thickness and to count live and dead
cells using a custom routine (MATLAB® v7.5 with Image Processing Toolkit, Mathworks,
Natick, MA) adapted from previous studies4. Briefly, images were processed24 by spatial
filtering (5 × 5 Laplacian of Gaussian filter) to accentuate regions representative of cells,
median filtering to suppress noise, and thresholding with a size criteria (greater than 40 or
15 μm2 for live or dead cells, respectively) to localize cells. This method had ~90%
sensitivity for both live and dead cells as determined from twelve images of six samples by
manual counting of randomly cropped regions containing >100 cells. Chondrocyte viability
was calculated as the percentage of live cells relative to the total number of cells. Cell
density, the number of cells divided by the imaged cartilage area (cells/mm2), was also
determined for live, dead, and total cells. For vertical profiles, viability and cell densities
were calculated for the overall cartilage thickness as well as zones of cartilage; superficial,
middle, and deep zones were defined as the top 15%, the next 35%, and the remaining 50%
of the cartilage thickness, respectively, based on pilot studies to identify zones of cartilage
based on regional differences in cell morphology.

Cartilage Matrix Content
Some of the remaining half-cores (n=31) were analyzed for sulfated-glycosaminoglycan
(GAG) and collagen (COL) content in the cartilage of samples, fresh after harvest or
following storage (n=4–9). Full thickness cartilage was removed from the bone, weighed
wet, and solubilized with proteinase K at 60°C for 16 h62. Portions of the digest were
analyzed to quantify the content of GAG by the dimethylmethylene blue dye binding
assay22 and COL by p-dimethyalaminobenzaldehyde binding for hydroxyproline63. The
hydroxyproline content was converted to COL content using a mass ratio of 7.25 collagen to
hydroxyproline29, 44. All biochemical measures were normalized to wet weight.

Statistical Analysis
Data are presented as mean ± SEM. The effects of storage condition on chondrocyte
viability, live, dead, and total cell density, in addition to cartilage thickness, GAG and COL
content, were determined by a one-way ANOVA, with joint as a random factor. Where
significant differences were detected, Tukey post hoc comparisons were performed to
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determine the effects of (1) storage duration at 4°C (conditions i, ii, iii) and (2) storage
condition at day 28 (conditions iii, iv, v, vi). For viability and density data, zone (superficial,
middle, and deep) was considered a repeated measure, and a two-way repeated measures
ANOVA was performed. Since percentages form binomial rather than normal distributions,
an arcsine transformation was applied to normalize viability data before the statistical
analyses52. Significance was set at α=0.05 and all statistical analyses were performed using
Systat 10.2 (Systat Software Inc., Richmond, CA).

Results
Qualitative analysis indicated that osteochondral samples stored at 37°C had higher
chondrocyte viability than samples stored at 4°C, especially at the articular surface. En face
(Fig. 1A–C) and vertical (Fig. 2A–C) profiles showed that fresh controls, immediately
following harvest, contained primarily live cells and relatively few dead cells. After 28 days
of storage, 4°C samples stored in medium with 10% FBS had a large proportion of dead
cells, especially at the articular surface (Figs. 1G–I and 2G–I), whereas 37°C samples stored
in medium with 0%, 2%, or 10% FBS showed a relatively large proportion of live cells at
the articular surface (Figs. 1J–R and 2J–R). Vertical profiles also showed scattered cell
death in deeper regions of the tissue with similar patterns for all storage conditions (Fig.
2D–R).

Quantitative analysis, for both en face and vertical profiles, indicated that chondrocyte
viability varied significantly with storage condition (p<0.001, Fig. 3A–E). For vertical
profiles, chondrocyte viability also varied with zone (p<0.001), with a significant interaction
between zone and storage condition (p<0.001). Consistent with these findings, live and dead
cell densities in en face and vertical images varied with storage condition (p<0.001, except
p<0.01 for overall vertical), without effects on total cell density (p=0.1, Fig. 3F–T). For
vertical profiles, live, dead, and total cell density varied with zone (p<0.001), with a
significant interaction between zone and storage condition (p<0.05).

Effects of Storage Duration at 4°C
During 4°C storage, quantitative analysis at the cartilage surface en face indicated that
chondrocyte viability decreased markedly with increasing storage duration (Fig. 3A). En
face, chondrocyte viability was initially high for fresh controls at the cartilage surface,
nearing ~100%. After 14 days of 4°C storage, viability tended to decrease by ~15% (p=0.2)
compared to fresh controls. During 4°C storage, viability decreased by ~40% (between days
14 and 28, p<0.001), and by ~55% after 28 days (vs. fresh controls, p<0.001).

During 4°C storage, quantitative analysis of the vertical profile indicated that chondrocyte
viability markedly decreased with increasing storage duration, most notably in the
superficial zone, and to a lesser extent in the middle and deep zones (Fig. 3B–E).
Chondrocyte viability was initially high for fresh controls in the superficial, middle, and
deep zones, averaging 84%, 94%, and 88%, respectively. In the superficial zone, viability
decreased by ~25% after 14 days (vs. fresh controls, p<0.05), by ~55% (between days 14–
28, p<0.001), and by ~80% after 28 days (vs. fresh controls, p<0.001). In the middle and
deep zones, viability was not significantly lower after 14 days (decreased by ~10% and ~5%
vs. fresh controls, p=0.7 and p=1.0, respectively), but was markedly decreased by ~50% and
~30% (between days 14–28, p<0.01), and by ~60% and ~35% after 28 days (vs. fresh
controls, p<0.001, p<0.01, respectively). Due to the similarity in chondrocyte viability
between 4°C storage after 14 days and fresh controls, the effects of storage condition (37°C
vs 4°C) on chondrocyte viability was examined after 28 days of storage.
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Effects of 37°C vs 4°C Storage at Day 28
After 28 days of storage, quantitative analysis at the articular surface en face was consistent
with the qualitative results described above and indicated that 37°C storage maintained
chondrocyte viability more effectively than 4°C storage (Fig. 3A). After 28 days, en face
chondrocyte viability was ~35% higher following 37°C storage compared to 4°C storage
(p<0.001). At 37°C, en face viability among 0–10% FBS samples did not vary significantly
(p=1.0).

After 28 days of storage, quantitative analysis of the vertical profile indicated that the
superficial and middle zones had chondrocyte viability patterns similar to the surface viewed
en face, while deep zone chondrocyte viability was not significantly different between 37°C
and 4°C storage. At 37°C, chondrocyte viability among 0–10% FBS samples was not
significantly different in any zone (p=1.0). For 0–10% FBS samples stored at 37°C, viability
was higher by ~45% in the superficial zone (p<0.01), and by ~35% in the middle zone
(p<0.05), compared to samples stored at 4°C (Fig. 3B,C). In the deep zone, viability of 37°C
and 4°C stored samples was not significantly different, decreasing to ~45–55% after 28 days
of storage (p=1.0) (Fig. 3D). Overall, chondrocyte viability throughout the vertical profile
after 28 days fell to ~40% after 4°C storage, but only to ~60% after 37°C storage (p=0.1,
Fig. 3E).

After 28 days of storage, live and dead cell densities reflected the relative percentages
above, while total cell density was not significantly different between 37°C and 4°C storage.
Total cell density was highest at the articular surface en face (2,400 cells/mm2) and in the
superficial zone (2,200 cells/mm2), moderate in the middle zone (1,500 cells/mm2) and in
the overall vertical profile (1,300 cells/mm2), and lowest in the deep zone (1,000 cells/mm2)
(Fig. 3P-T). At the articular surface en face, fresh controls had a high live cell density of
2,400 cells/mm2, and a low dead cell density of <100 cells/mm2 (Fig. 3F,K). For 4°C
samples, en face live cell density fell to 1,200 cells/mm2, and dead cell density rose to 1,200
cells/mm2 after 28 days, indicating ~50% less live cells in 4°C samples compared to fresh
controls (p<0.001). For 37°C samples, live and dead cell densities at the articular surface en
face were moderately affected by 28-day storage compared to fresh controls, averaging a
live cell density of 2,000 cells/mm2 and a dead cell density of 400 cells/mm2 (for live:
p=0.7, for dead: p<0.05).

Stored osteochondral samples, at both 37°C and 4°C for 28 days, had similar cartilage
matrix content, as determined by GAG and COL, compared to fresh controls (Table 2).
Cartilage thickness, GAG content, and COL content did not vary with storage condition
(p=0.2, p=0.2, p=0.7, respectively). GAG content of samples for all storage conditions and
durations was maintained within ~20% of fresh controls (35 mg/g). COL content of 4°C
samples stored for 14d and 28d varied by ~15% compared to fresh controls (118 mg/g); but
COL content of 37°C samples stored for 28d remained within ~5% compared to fresh
controls.

Discussion
This study examined the effects of 37°C and 4°C storage on chondrocyte viability and
cartilage matrix content of fresh goat osteochondral samples. After 28 days, 37°C samples
had higher chondrocyte viability compared to 4°C samples, specifically at the articular
surface. 4°C samples had a significant decline in chondrocyte viability to ~50% at the
cartilage surface en face, to ~20% in the superficial zone, and to ~40% in the middle zone
(Figs. 1G–I, 2G–I, and 3A–C), whereas 37°C samples had higher viability in those regions,
averaging ~80%, ~65%, and ~70%, respectively (Figs. 1J–R, 2J–R, and 3A–C). In the deep
zone, viability was similar at ~45–55% following 37°C and 4°C storage (Figs. 1, 2, and 3D).
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Additionally, there were no significant differences in cartilage thickness and matrix (GAG,
COL) content for 37°C samples, 4°C samples, and fresh controls (Table 2). These results
indicate 37°C storage of osteochondral grafts supports long-term viability of chondrocytes,
especially at the articular surface.

The use of goat osteochondral samples for studying allograft storage conditions involved
consideration of a number of issues. The small size of cores allowed many samples to be
harvested from each joint, with the cores still having a sample radius (r=1.6 mm) that was
greater than the cartilage thickness (t=0.5–1.0 mm). Therefore, the shortest path of diffusion,
through the cartilage thickness, would be the same for these small cores or larger samples.
For this study, storage of osteochondral samples in 1.5 mL of medium provided a medium
volume that was ~50 times the total volume of the sample (cartilage+bone), while previous
studies stored donor tissue in medium ~10 times the total volume of the sample48,61.

Viability data of caprine tissue from this study were similar to viability data of human tissue
following clinically established 4°C storage conditions. Consistent with the results presented
here, 4°C storage of human osteochondral grafts resulted in high chondrocyte death,
especially at the articular surface46,48. The metabolic properties of adult goat cartilage
during storage have not been previously investigated, and may differ compared to human
cartilage, especially at physiological temperature. However, adult goats can provide
consistent normal cartilage compared to humans, where aging and degeneration can often be
a factor. Therefore, viability data suggests that storage of adult goat osteochondral samples
can be a reasonable model for adult human osteochondral samples for up to one month.
However, differences in cartilage thickness between caprine and human tissue may affect
the diffusion of nutrients to the deeper regions of cartilage. Thus, studies with human tissue
are needed to confirm the present findings.

Chondrocyte viability results presented here after 28-day 4°C storage were consistent with
previous studies. Overall full-thickness viability averaged 45–78% in medium including
FBS for human46,48, bovine53, canine57, and ovine58 models. Average viability through the
vertical profile, determined by fluorescent microscopy of thin sections53 (~45%) or by
confocal microscopy57 (~65%), were more similar to the results here (~40%). Results
reported by flow cytometry46,58, which required digestion of the cartilage matrix, or
averaging images at random locations parallel to the articular surface48, were at the high end
of the range above (67–78%). However, these methods do not account for regional
variations and may not provide an accurate representation of viability; cells may be lost
during digestion, and averages may be skewed by ineffective sampling (i.e. inconsistent
locations between samples and greater frequency in less affected regions).

The results presented here extend the past work on chondrocyte viability after 4°C storage
by assessing quantitative estimates of chondrocyte viability at the articular surface en face
and in morphologically analogous cartilage zones. Previously, cartilage was analyzed as
three zones of equal thickness, an assumption that would overestimate the cellularity of the
true superficial zone (33% vs. 15% of cartilage thickness), and reported lower viability in
the top-third (~50%) compared to overall viability (~67%) after 28-day 4°C storage48.
Division of the cartilage into superficial, middle, and deep zones makes it difficult to
directly compare viability to those of past studies. In addition, previous studies reported high
overall viability (averaging ~80–95%) after 14-day 4°C storage5,53,57,58,61 and qualitatively
described preferential cell death at the cartilage surface with increasing storage
duration5,17,47,58. In the present study, viability after 14-day 4°C storage (~80%) was
consistent with previously reported values of overall viability. Previous studies may not
have been sensitive to declines in morphologically defined superficial zone, which occurred
in this study as early as 14 days after 4°C storage.
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Long-term storage of osteochondral grafts at 37°C and 4°C may have opposing effects on
chondrocyte viability and GAG metabolism; at 37°C, most chondrocytes are viable and
matrix content can be modulated whereas at 4°C, most chondrocytes are dead and
metabolically inactive. Following 28-day 4°C storage, osteochondral grafts and cartilage
explants had no change in GAG content compared to baseline controls; however,
chondrocytes exhibited reduced GAG metabolism following 4°C storage compared to
baseline controls when GAG synthesis was measured at physiological temperature5,9,47,61.
During cartilage explant culture, cellular outgrowth has been observed during incubation for
4–6 weeks at 37°C in the presence of 10–20% FBS, particularly from deep zone
chondrocytes;8,36 such outgrowth may also occur during 37°C storage of osteochondral
grafts and affect subsequent in vivo performance. In addition, following 28-day 37°C
storage, osteochondral fragments and cartilage explants could have a variety of changes in
matrix content (GAG and COL) depending on the culture conditions7,9,27,28,32,49,54,55,
whereas 37°C samples containing viable chondrocytes may be able to maintain cartilage
homeostasis and prevent tissue degeneration following implantation. The results in this
study reported that GAG and COL could be maintained for osteochondral samples stored at
37°C for 28 days. While matrix content measurements are not as sensitive to changes as
synthesis and degradation rates, they can typically be correlated with mechanical properties
of the tissue.

The results of the present study suggest that osteochondral grafts stored at 37°C for 2 to 4
weeks have better biological performance than grafts stored at 4°C for the same duration.
Cell death in the superficial zone may have deleterious effects after implantation, as
chondrocytes in this zone normally secrete a lubricant molecule proteoglycan-4 (PRG4)51.
PRG4 has a boundary-lubricating ability50, and has been shown to protect the cartilage
surface from wear by reducing friction when compared to PRG4 deficient joints31. During
storage, reduction of viable chondrocytes in the superficial zone and their secreted lubricants
may be key factors in graft failure. Studies to investigate more closely the relationship
between chondrocyte viability and function through the production of zonal-specific
molecules may provide additional insight into the factors necessary for graft success.
Storage alternatives, including physiological temperature, could increase the storage
duration window for suitable donor tissue and provide higher quality graft tissue.

The present study also suggests that storage at 37°C, compared to traditional 4°C, may allow
extended storage duration of grafts, during which chondrocyte viability and cartilage matrix
content are maintained. 37°C storage maintained chondrocyte viability, especially in the
superficial zone, although the mechanism of cell death and its variation within the zones of
cartilage are still topics of speculation. Chondrocytes at the surface may be more susceptible
to storage-associated death because their native physical and chemical environment is
disrupted, whereas chondrocytes in the deeper regions of cartilage are in a matrix-filled
environment that more closely resembles the native form. Preserving chondrocyte viability
during prolonged storage intervals could facilitate increased graft shelf-life and availability
of osteochondral allografts. However, grafts stored at 37°C rather than 4°C may have a
higher incidence of infection and spoilage because microorganisms typically grow faster at
such elevated temperatures. In addition, conditions that maintain viability in the superficial
zone, in particular, may improve clinical performance by providing lubricating molecules,
such as PRG4, to maintain a low-friction articulating surface. The relationship among
overall chondrocyte viability, superficial zone viability, and subsequent success after
osteochondral allografting remains to be elucidated.
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Figure 1.
En face view of chondrocyte viability at the articular surface in goat osteochondral samples,
as analyzed by LIVE/DEAD® fluorescence staining. (A–C) Fresh controls. Samples stored
at 4°C in medium including 10% FBS for (D–F) 14 days and (G–I) 28 days, as well samples
stored at 37°C for 28 days in medium including (J–L) 0% FBS, (M–O) 2% FBS, or (P–R)
10% FBS. (A,D,G,J,M,P) Images of live cells (green fluorescence). (B,E,H,K,N,Q) Images
of dead cells (red fluorescence). (C,F,I,L,O,R): Merged live+dead images.
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Figure 2.
Vertical profile view of chondrocyte viability throughout the depth of articular cartilage in
goat osteochondral samples, as analyzed by LIVE/DEAD® fluorescence staining. (A–C)
Fresh controls. Samples stored at 4°C in medium including 10% FBS for (D–F) 14 days and
(G–I) 28 days, as well samples stored at 37°C for 28 days in medium including (J–L) 0%
FBS, (M–O) 2% FBS, or (P–R) 10% FBS. (A,D,G,J,M,P) Images of live cells (green
fluorescence). (B,E,H,K,N,Q) Images of dead cells (red fluorescence). (C,F,I,L,O,R):
Merged live+dead images.
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Figure 3.
Effects of storage condition on chondrocyte viability, live, dead, and total cell density
throughout the depth of cartilage from osteochondral samples over a storage duration of 28
days. Chondrocyte viability and cell densities at (A,F,K,P) the cartilage surface en face, by
region for the (B,G,L,Q) superficial [15%], (C,H,M,R) middle [35%], and (D,I,N,S) deep
[50%] zones, and (E,J,O,T) in the overall vertical profile.

Pallante et al. Page 15

Am J Sports Med. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pallante et al. Page 16

Table 1

Storage conditions

Storage Condition Temperature [°C] FBS [%] Duration [days]

i FRESH CONTROL 0

ii 4 10 14

iii 4 10 28

iv 37 0 28

v 37 2 28

vi 37 10 28
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