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Abstract

Fresh osteochondral allografts are an important treatment option for the repair of full-thickness 

articular cartilage defects. Viable chondrocytes within the transplanted tissue are considered 

important to maintaining matrix integrity. The purpose of this study is to determine whether an 

increase in pH decreases chondrocyte viability during cold storage and whether equilibration of 

Dulbecco’s modified Eagle’s medium (DMEM) in 5% CO2 normalizes pH and increases 

chondrocyte survival during storage at 4°C. Freshly isolated bovine articular chondrocytes 

cultured in alginate beadswere stored for up to 5 days at 4°C or 37°C in DMEM exposedto 

ambientair or in DMEM equilibrated with 5% CO2. Chondrocyte viability was determined by flow 

cytometry. Physiologic pH was maintained when DMEM was equilibrated with 5% CO2, while pH 

increased in ambient air. After 5 days of storage at 4°C, chondrocyte necrosis was higher when 

stored in ambient air than if equilibrated with 5% CO2. No decrease in chondrocyte viability was 

observed with storage at 37°C. In addition, chondrocyte viability in bovine cartilage osteochondral 

cores was examined after storage for 14 days at 4°C in DMEM with and without HEPES, and with 

and without 5% CO2. Under these conditions, the superficial layer of chondrocytes was more 

viable when stored in DMEM with HEPES or DMEM equilibrated with 5% CO2 than when stored 

in DMEM in ambient air. This data shows that an increase in pH decreased bovine chondrocyte 

viability when refrigerated at 4°C in DMEM, and that optimization of CO2 normalized pH and 

improved chondrocyte viability during cold storage in DMEM.
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INTRODUCTION

Treatment of full-thickness defects in articular cartilage continues to be a clinical and 

scientific challenge.1,2 Under normal biological conditions, cartilage allows for smooth and 

pain-free joint motion, but lacks mechanisms for repair and/or regeneration following injury. 

Implantation of fresh osteochondral allografts harvested from human cadavers can replace 

defective cartilage with viable, healthy cartilage.3,4 The use of osteochondral grafts is a 
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reliable option for treatment of both large and small defects in articular cartilage and results 

in improved pain, function, and range of motion.4–6

Due to clinical requirements for thorough microbiological testing and donor screening, 

osteochondral tissuesare typically refrigerated for a minimum of 14 days prior to surgery. 

Viable and functional chondrocytes have been shown to decrease significantly within 14 

days of storage at 4°C.7,8 The synthesis of cartilage matrix is dependent on metabolically 

active chondrocytes, suggesting that the presence of living and functional chondrocytes may 

be important to longevity of the allograft.

Temperature and pH are two variables that have been implicated in the viability of 

chondrocytes during long-term storage. Osteochondral tissues have traditionally been stored 

in Dulbecco’s modified Eagle’s medium (DMEM) with ambient air, which has a bicarbonate 

buffering system that requires 5% CO2 to maintain a physiological pH near 7.4. Storage 

conditions lacking sufficient CO2 may contribute to modification of the extracellular and 

intracellular pH of the chondrocytes, thereby altering extracellular matrix production and 

resulting in cell death.

The purpose of this study is to test the hypotheses that an increase in pH decreases 

chondrocyte viability during cold storage and that equilibration of DMEM in 5% CO2 

normalizes pH and increases chondrocyte survival during storage at 4°C.

METHODS

Chondrocyte viability was assessed in alginate bead culture over a 5-day period and in 

osteochondral cores after 14 days. Alginate beads have been established as a reproducible 

three-dimensional tissue culture model for cartilage by maintaining chondrocyte phenotype, 

extracellular matrix synthesis, and metabolic regulation.9–11 Using this model, chondrocytes 

can be isolated from the alginate matrix and undergo quantitative flow cytometry. 

Osteochondral tissues permit in situ examination of the distribution of viable cells within a 

full-thickness specimen of articular cartilage.

Alginate Bead Experiment

Full-thickness slices of cartilage were aseptically removed from freshly slaughtered bovine 

knees and articular chondrocytes were isolated from cartilage with pronase (EMD 

Chemicals, San Diego, CA) and then collagenase (Roche Applied Science, Indianapolis, IN) 

enzymatic digestion. The cells were cultured into alginate beads with a cell density of 4 × 

106 chondrocytes/ml alginate as described by Masuda et al.11 A second group of alginate 

beads were created without chondrocytes to serve as a control group. The beads were stored 

in 100-mL tissue culture dishes in chondrocyte growth media [1:1 DMEM/Nutrient Mix 

F-12 (/F-12) +10% fetal bovine serum plus 1% penicillin/streptomycin; Invitrogen, Grand 

Island, NY] at 37°C/5% CO2 for a period of no longer than 7 days, with media changes 

every other day. After this initial incubation period, 180 beads with chondrocytes, and 90 

beads without chondrocytes were removed and separated in the following fashion:
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DMEM/Ambient Air/37°C—Forty-five alginate beads with chondrocytes were placed into 

one 14-mL round bottom tube with 3 ml chondrocyte growth media (1:1 DMEM/F-12 +10% 

fetal bovine serum plus 1% penicillin/streptomycin). The loosely capped tube was incubated 

at room temperature in ambient air for 20 min, and then placed into a 37°C incubator with 

the cap on tight.

DMEM/5% CO2/37 °C—Three groups of 15 alginate beads with chondrocytes were placed 

into three 14-mL round bottom tubes with 1 mL chondrocyte growth media (1:1 DMEM/

F-12 +10% fetal bovine serum plus 1% penicillin/streptomycin) in each. The tubes were 

placed into 37°C/5% CO2 incubation with a loose cap and allowed to equilibrate with 5% 

CO2 for 20 min. The caps were snapped on tight and remained in the 37°C incubator.

DMEM/Ambient Air/4°C—Forty-five beads with chondrocytes were placed into one 14-

mL round bottom tube with 3 ml chondrocyte growth media (1:1 DMEM/F-12 +10% fetal 

bovine serum plus 1% penicillin/streptomycin). One 3-mL aliquot of chondrocyte growth 

media with 45 chondrocyte-free alginate beads and one 3-mL aliquot of chondrocyte growth 

media were used as a control. The loosely capped tubes were incubated at room temperature 

in ambient air for 20 min, and then placed into a 4°C cold room with the cap on tight.

DMEM/5% CO2/4 °C—Three groups of 15 alginate beads with chondrocytes were placed 

into three 14-mL round bottom tubes with 1 mL chondrocyte growth media (1:1 DMEM/

F-12 +10% fetal bovine serum plus 1% penicillin/streptomycin) in each. Three 1-mL 

aliquots of chondrocyte growth media with 15 chondrocyte-free alginate beads and three 1-

mL aliquots of chondrocyte growth media were used as a control. The tubes were placed 

with loose caps into a 37°C/5% CO2 incubator and allowed to equilibrate with 5% CO2 for 

20 min. Then the cap was snapped on tight, and the tube was placed into a 4°C cold room.

After the beads were segregated by temperature and CO2 exposure, the media was not 

changed again in order to simulate the storage conditions of allografts. The ratio of storage 

media volume to bead number was standardized with the other groups by storing 15 beads 

per 1 mL of media.

After 1, 3, and 5 days of storage, 10 beads from each experimental group (warm, ambient 

air; warm, 5% CO2; cold, ambient air; cold, 5% CO2) were aseptically removed and placed 

in 55-mM sodium citrate at 4°C to dissolve the alginate and release the chondrocytes. In 

groups stored with ambient air, the remaining beads were left in the tubes for further storage 

and collection at subsequent timepoints. After 10 min, the chondrocytes from experimental 

groups were harvested by centrifugation for 5 min at 600 g and washed twice with 

phosphate buffered saline (Sigma-Aldrich, St. Louis, MO). Each sample was labeled with a 

Vybrant® Apoptosis Assay Kit #3 (Invitrogen, Eugene, OR) as directed. One hundred 

microliters of each suspension was aliquoted into separate microcentrifuge tubes. Five 

microliters of Alexa Fluor 488 Annexin V and 1 μL of 100 μg/mL propidium iodide working 

solution was added to each cell suspension and allowed to incubate at room temperature for 

15 min while protected from light. Finally, 400 μL of 1 × Annexin Binding Buffer was 

added to each sample, the samples were placed on ice, and analyzed immediately by flow 

cytometry. The pH of storage media in each experimental and control group (cold, ambient 
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air; cold, ambient air, alginate; cold, 5% CO2; cold, 5% CO2, alginate) was measured with 

an Accumet Basic AB 15 pH meter (Fischer Scientific, Pittsburgh, PA) immediately after 

initial gas equilibration and prior to each assay timepoint.

The above procedure was repeated three times with three separate preparations of bovine 

chondrocytes and alginate beads. Means and standard deviations were calculated and the 

statistical significance was determined by analysis of variance (ANOVA) followed by a 

Bonferroni t-test.

Osteochondral Core Tissue Experiment

An 8-mm Mitek coring device was used to harvest 24 osteochondral cores from the trochlear 

groove of bovine knees obtained within 4 h of slaughter. Isolated cores were washed with 

Hank’s balanced salt solution (HBSS) and randomly assigned to eight groups of three cores 

each and placed into 0 or 14 days of cold storage. Cores were prepared as follows:

DMEM/Ambient Air/4°C (Air/DMEM)—Three cores were placed into separate 14-mL 

round bottom tubes and immersed in chondrocyte growth media (1:1 DMEM/F-12 +10% 

fetal bovine serum plus 1% penicillin/streptomycin). The loosely capped tubes were 

incubated at room temperature in ambient air for 20 min, and then placed into a 4°C cold 

room with the cap on tight until analysis.

DMEM +HEPES/Ambient Air/4°C (Air/HEPES)—Three cores were placed into 

separate 14-mL round bottom tubes and immersed in chondrocyte growth media (1:1 

DMEM/F-12 with 15 mM HEPES buffer and L-glutamine +10% fetal bovine serum plus 1% 

penicillin/streptomycin). The loosely capped tubes were incubated in ambient air at room 

temperature for 20 min, and then placed into a 4°C cold room with the cap on tight until 

analysis.

DMEM/5% CO2/4 °C (CO2/DMEM)—Three cores were placed into 14-mL round bottom 

tubes and immersed in chondrocyte growth media (1:1 DMEM/F-12 +10% bovine serum 

plus 1% penicillin/streptomycin). The tubes were incubated at 37°C/5% CO2 with a loose 

cap and allowed to equilibrate with 5% CO2 for 20 min. The cap was then snapped on tight 

and placed in the 4°C cold room until analysis. DMEM +HEPES/5% CO2/4 °C (CO2/

HEPES) Three cores were placed into separate 14-mL round bottom tubes and immersed in 

chondrocyte growth media (1:1 DMEM/F-12 with 15 mM HEPES buffer and L-glutamine 

+10% fetal bovine serum plus 1% penicillin/streptomycin). The tubes were incubated at 

37°C/5% CO2 with a loose cap and allowed to equilibrate with 5% CO2 for 20 min. The 

caps were then snapped on tight and placed in the 4°C cold room until analysis.

After the cores were segregated by CO2 exposure, the media was not changed again in order 

to simulate the storage conditions of allografts.

At the analysis timepoint (day 0 or day 14), cores were placed at 37°C for 24 h to simulate 

allograft warming. The cores were cut into orthogonal sections approximately 0.5-mm thick 

from the bovine cores, and stained with 5-chloromethylfluorescein diacetate (CMFDA; 
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Molecular Probes, Inc., Eugene, OR) and propidium iodide. Stained sections were washed 

with HBSS and live/dead cells were imaged by confocal microscopy.

To provide consistent image acquisition for counting of live/dead cells from 3-D 

reconstructed images (150-μm stacked sections), each core was imaged at the surface 

[superficial cartilage/fluid interface (outer 80 μm)], core midpoint [core midpoint (80-μm 

region halfway between outer surface and bone interface)], and deep [deep core region (80-

μm region halfway between the midpoint and the bone interface)]. Analysis of reconstructed 

3-D core sections were counted using Image Pro Plus 6.2 (MediaCybernetics, Inc., 

Rockville, MD), and data from day 14 was normalized to day 0. Statistical significance was 

determined by two-way ANOVA followed by a Bonferroni t-test.

RESULTS

Chondrocyte Viability Analyzed by Flow Cytometry

Chondrocytes stored at 4°C (cold), with ambient air showed a progressive loss of viability 

over time (Fig. 1A). The viability after 1 day was 83% ± 11% and decreased to 57% ± 9% 

after 5 days (p =0.02). No significant change in the percentage of apoptotic cells was seen 

over this time period. These conditions were chosen to match those commonly used for 

storage of osteochondral transplant tissues. Chondrocytes stored at 37°C (warm) in ambient 

air showed no decrease in viability over the 5-day period staying between 78% ± 12% and 

81% ± 1% (Fig. 1B). Again, no significant changes in the percentage of apoptotic cells were 

noted over this time period.

When the storage media was equilibrated with 5% CO2 and stored at 4°C, viability was 

maintained over the 5-day storage period, starting at 82% ± 14% and ending at 78% ± 5% 

(Fig. 2A). Storage of cells equilibrated in 5% CO2 at 37°C showed a similar pattern of 

maintaining viability over 5 days, starting at 83% ± 7% and ending at 79% ± 1% (Fig. 2B).

Comparing the 4°C storage conditions, the group equilibrated in 5% CO2 maintained a 

significantly higher degree of viability than the group in ambient air (p =0.02, Fig. 3A).

Measurement of pH

Among control groups stored without chondrocytes, the pH of DMEM stored at 4°C/5%CO2 

with and without alginate demonstrated a decrease in pH from a baseline of 8.3 in both 

groups, to a similar pH of 7.9 and 7.7 (p =0.51) at day 5, respectively. In contrast, the pH of 

DMEM stored at 4°C/ambient air with and without alginate demonstrated an increase in pH 

from a baseline of 8.4 in both groups, to a similar alkaline pH of 8.5 and 8.6 (p =0.84) at day 

5, respectively (Fig. 4).

Also at day 5, DMEM with alginate/5%CO2 had a pH of 7.9, whereas DMEM with alginate/

ambient air had a pH of 8.5 (p <0.05) (Fig. 4). Among experimental groups stored with 

chondrocytes, the initial pH of storage media which had been equilibrated in 5% CO2 was 

lower than that in ambient air (Fig. 5). The pH of both of the warm storage groups declined 

slightly over the 5-day incubation period (Fig. 5). The warm, ambient air group decreased 

from pH 7.7 to pH 7.3 and the warm group with 5% CO2 decreased from pH 7.5 to pH 7.2 
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(p <0.05) by day 5. In contrast to the warm storage groups, the pH of the cold groups 

diverged. The pH for cold media with 5% CO2 went from pH 7.4 to pH 7.5. However, the 

cold group with ambient air increased significantly from pH 7.6 to pH 8.3. This increase in 

media alkalinity was associated with an increase in necrotic cells after 5 days (Fig. 3B).

Osteochondral Core Tissue Experiment

Following 14 days of storage at 4°C and rewarming for 24 h at 37°C, the deep and middle 

regions of osteochondral cores had similar viability; >30% of remaining cells were dead 

(Fig. 6). Within the superficial layers, CO2/DMEM (15 ± 6%) had fewer dead chondrocytes 

when compared with Air/DMEM (32 ± 3%, p <0.001). Further, when comparing the 

superficial region of osteochondral cores between Air/DMEM (32 ± 3%) and Air/HEPES 

(17 ± 5%), storage with the addition of HEPES improved chondrocyte viability (p <0.01). 

Chondrocyte viability in CO2/HEPES (8 ± 5%) also exhibited fewer dead cells within the 

superficial core regions when compared to Air/DMEM (32 ± 3%, p <0.05). While there was 

a trend towards increased chondrocyte viability in the groups equilibrated with CO2 (Fig. 6), 

no statistical difference in the percent of dead chondrocytes was observed between Air/

HEPES, CO2/DMEM, and CO2/HEPES in the superficial osteochondral core regions.

DISCUSSION

Transplantation of fresh osteochondral allografts is an important clinical option for the 

treatment of full-thickness cartilage defects.3–6 Fresh osteochondral allografts have 

traditionally been stored at 4°C in basal media. This study shows that: 1) an increase in pH 

decreases the viability of bovine chondrocytes stored at 4°C in DMEM; and that 2) 

optimization of CO2 normalizes pH and improves bovine chondrocyte viability during cold 

storage. These results provide information potentially important to improving chondrocyte 

viability during cold storage of osteochondral tissues and to improved understanding of 

chondrocyte homeostasis.

Fresh osteochondral allografts offer a potential clinical advantage over frozen osteochondral 

tissues due to the presence of live chondrocytes to maintain the cartilage matrix. Aubin et al. 

in a cohort study showed 85% graft survival 10 years after osteochondral allograft 

transplantation in the knee.12 Beaver et al. reported 64% graft survival at 10-years 

posttransplant.13 In both these studies, the grafts were used within 48 h after asystole. 

Currently, fresh osteochondral allografts are not commonly available until 14 days after 

tissue harvest with uncertain effects on chondrocyte viability.7,8 In a recent study of baboon 

knee allograft transplants, Malinin et al. suggested that storing the allograft in 4°C for more 

than 21 days prior to transplant was directly related with poor graft appearance grossly and 

histologically among allografts that were examined in vivo 6 weeks after transplant.14

Many studies have shown a substantial decrease in chondrocyte viability with increasing 

duration of cold storage.15–18 Our data shows that a progressive loss of chondrocyte viability 

seen over 5 days when the chondrocyte cultures were stored in DMEM at 4°C under ambient 

air was accompanied by an increase in pH. In contrast, when the pH was normalized by 

equilibration with 5% CO2, chondrocyte survival during 5 days of cold storage improved. 

This data provides a possible explanation for the observed decrease in chondrocyte viability 
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following cold storage in containers sealed in ambient air. Tissue culture media, such as 

DMEM is usually buffered with a bicarbonate solution that requires an atmosphere with 5% 

CO2 to maintain an optimal physiological pH. Without adequate CO2, the pH becomes 

basic, as was measured in our alginate bead experiments.

When stored in DMEM at 37°C in ambient air or with 5% CO2, the pH of the media for cell-

seeded alginate beads remained close to the physiologic range throughout the study period. 

Maintenance of pH at 37°C was likely due to cell metabolism. In contrast, our data showing 

that the pH of the media for cell-seeded alginate beads stored in DMEM in ambient air at 

4°C was comparable to similarly stored cell-free alginate beads indicate that chondrocytes in 

cold storage likely had decreased metabolic activity consistent with the expected effect of 

refrigeration.

Results of the osteochondral core studies using DMEM buffered with HEPES, a CO2 

independent buffering agent, support that an increase in pH contributed to increased 

chondrocyte cell death during cold storage. The addition of HEPES to DMEM improved 

superficial chondrocyte cell viability following 14 days of storage at 4°C. A trend towards 

increasing superficial chondrocyte viability in osteochondral cores stored at 4°C in DMEM 

equilibrated with 5% CO2, suggests that both CO2 equilibration and use of HEPES buffer 

may be valuable strategies to reduce chondrocyte death in osteochondral tissues during cold 

storage in DMEM.

In conclusion, maintaining chondrocyte viability during cold storage of fresh osteochondral 

tissues prior to clinical transplantation is considered important to long-term survival and 

performance of the allograft. Our data showing that an increase in media pH during cold 

storage at 4°C reduces chondrocyte survival in DMEM, and that equilibration of DMEM 

with CO2 improves chondrocyte viability under the same conditions. This provides 

information important to both the study of methods to optimize chondrocyte survival of 

osteochondral grafts during prolonged ex vivo storage and to understanding factors 

important to chondrocyte homeostasis.
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Figure 1. 
Comparison of (A) cold (4°C) versus (B) warm (37°C) storage of chondrocytes in media 

with ambient air. The percentage of viable cells decreased over time, for cells in cold 

storage. No change in the percentage of apoptotic cells was seen over 5 days of storage (*p 
=0.02).
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Figure 2. 
Comparison of (A) cold (4°C) versus (B) warm (37°C) storage of chondrocytes in media 

equilibrated with 5% CO2. There was no change in the percentage of viable, necrotic, or 

apoptotic cells over 5 days of storage.
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Figure 3. 
Comparison of cold storage conditions. (A) A decrease in the number of viable cells was 

seen over time. (B) On day 5, the chondrocytes in media equilibrated with 5% CO2 showed 

a significantly higher percentage of viable and a lower percentage of nonviable cells (*p 
=0.02).
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Figure 4. 
pH of storage media in 4°C in control experiment. In groups stored with ambient air, the pH 

increased to a statistically similar basic pH at day 5 (p =0.84), regardless of alginate 

addition. In groups stored with 5% CO2, the pH changed to a similar pH (p = 0.51) at day 5, 

regardless of alginate addition. A significant increase in pH was shown in media stored with 

alginate and ambient air compared to media stored with alginate and 5% CO2 (p < 0.05).
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Figure 5. 
pH of chondrocyte growth media in each storage group. The pH increased significantly over 

time with cells stored at 4°C with ambient air (p <0.05).

Dontchos et al. Page 13

J Orthop Res. Author manuscript; available in PMC 2019 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Percentage of dead chondrocytes on day 14 (normalized to day 0) in osteochondral cores 

stored at 4°C. Equilibration of DMEM in CO2 and/or the addition of HEPES to DMEM led 

to a significant decrease in chondrocyte death compared to DMEM with cold storage (4°C). 

There was no significant difference in cell death between Air/HEPES, CO2/DMEM, and 

CO2/HEPES. Significant difference at *p <0.01 and **p <0.001 versus Air/DMEM.
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