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Introduction

Osteoarthritis (OA) is a painful and debilitating joint dis-
ease, affecting more than 46 million Americans older than 
25 years1,2 and resulting in annual costs of more than $60 
billion dollars.3,4 Loss of articular cartilage is considered a 
hallmark of OA. The inflammation, degradation, and dys-
function caused by a focal articular cartilage injury affects 
all tissues that comprise the joint organ, leading to loss of 
homeostasis and generalized degenerative changes through-
out the joint.5

Articular cartilage defects, resulting from acute joint 
trauma, are common in younger patients with active life-
styles,6 and, left untreated, can cause generalized posttrau-
matic OA, thereby severely impairing quality of life.7 Such 
lesions have limited spontaneous reparative potential due to 
the poor regenerative capacity and avascular nature of carti-
lage.5 Relief of symptoms therefore often requires operative 
intervention including micro-fracture, cell-based therapies 
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Abstract
Objective. Osteochondral allograft (OCA) transplantation has demonstrated good long-term outcomes in treatment of 
cartilage defects. Viability, a key factor in clinical success, decreases with peri-implantation storage at 4°C during pathogen 
testing, matching logistics, and transportation. Modern, physiologic storage conditions may improve viability and enhance 
outcomes. Design. Osteochondral specimens from total knee arthroplasty patients (6 males, 5 females, age 56.4 ± 2.2 years) 
were stored in media and incubated at normoxia (21% O

2
) at 22°C or 37°C, and hypoxia (2% O

2
) at 37°C. Histology, live-

dead staining, and quantitative polymerase chain reaction (qPCR) was performed 24 hours after harvest and following 7 days 
of incubation. Tissue architecture, cell viability, and gene expression were analyzed. Results. No significant viability or gene 
expression deterioration of cartilage was observed 1-week postincubation at 37°C, with or without hypoxia. Baseline viable 
cell density (VCD) was 94.0% ± 2.7% at day 1. At day 7, VCD was 95.1% (37°C) with normoxic storage and 92.2% (37°C) 
with hypoxic storage (P ≥ 0.27). Day 7 VCD (22°C) incubation was significantly lower than both the baseline and 37°C 
storage values (65.6%; P < 0.01). COL1A1, COL1A2, and ACAN qPCR expression was unchanged from baseline (P < 0.05) 
for all storage conditions at day 7, while CD163 expression, indicative of inflammatory macrophages and monocytes, was 
significantly lower in the 37°C groups (P < 0.01). Conclusion. Physiologic storage at 37°C demonstrates improved chondrocyte 
viability and metabolism, and maintained collagen expression compared with storage at 22°C. These novel findings guide 
development of a method to optimize short-term fresh OCA storage, which may lead to improved clinical results.

Keywords
cartilage, osteochondral allograft, storage, defect, osteoarthritis, donor

https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/CAR


Denbeigh et al.	 281S

such as autologous chondrocyte implantation (ACI), or 
osteochondral allograft transplantation (OCA).8-11

OCA transplantation has been associated with consis-
tently positive functional outcomes, with 69% graft survival 
at 20 years12 and established long-term clinical safety.8,13,14 
Furthermore, this technique enables transplantation of both 
cartilage and underlying bone, enabling surgeons to address 
pathology extending beyond the subchondral plate. Although 
OCA has a proven record of clinical efficacy, the limited 
availability and logistical difficulties of procuring suitable 
grafts from deceased donors restricts widespread implemen-
tation of this technique.15,16 This is due in part to concerns 
related to contamination and disease transmission.17,18 
Current cartilage banking and testing protocols, recom-
mended and mandated by the American Association of 
Tissue Banks (AATB) according to the United States 
Pharmacopeia (USP) <71>, requires implementation of a 
14-day culturing and disease-screening period before release 
of grafts for clinical use.12,14,15,19,20

To confound matters, cartilage allograft viability has 
been shown to decrease in storage over time.17 Using the 
standard tissue bank practice of 4°C storage, chondrocyte 
viability deteriorates significantly within the initial 14-day 
tissue clearance period12,15,19,21-29 with cellular demise driven 
by both apoptosis30,31 and stress response.32 Because chon-
drocyte viability influences the long-term clinical success of 
OCA,1,22,24,33-37 optimization of storage conditions during the 
early period after harvesting is crucial. Proposed preserva-
tion goals suggest maintaining a minimum viable chondro-
cyte density (VCD) consisting of 70% living chondrocytes.8,22 
Key variables of interest have included type of preservation 
solution,18,23,29,31,38 choice of supplementation (see Bian 
et al.39 and other factors12,27,28), temperature,15,18,24,31,40,41 and 
level of oxygenation.15 Conditions have been assessed across 
several animal species18 (including rabbit,42 pig,41 goat,15,31 
canine22,24,43), but there is only a very limited number of 
human studies8,40. While both room temperature storage and 
physiologic storage at 37°C have demonstrated promise in 
animal models, no comparisons between nonrefrigerated 
conditions have been made. Furthermore, validation of ani-
mal models, in which variables such as species-specific core 
temperature and cartilage morphology may differ from 
humans, is necessary using clinical human tissues.

Even with improvements to preservation techniques, 
healthy cadaveric cartilage candidates remain scarce, and 
there is significant interspecimen and intrastudy variability in 
chondrocyte viability of OCAs at the time of implantation.24,44 
Differences in harvest timing, technique, location, and the ini-
tial condition of the cartilage are all expected to have signifi-
cant influence on the quality and performance of the graft.45 
To alleviate this shortage, we propose the implementation of a 
Living Donor Cartilage Program (LDCP). This approach 
would improve availability of grafts, provide grafts with high 
cell viability, allow for prescreening of donors for safety, 

facilitate more convenient scheduling of surgery, and offer a 
potentially less expensive alternative. In fact, the successful 
transplantation of OCAs from living donors has been previ-
ously reported.46 Given that much of the long-term data 
regarding OCAs is based on patients that had grafts implanted 
within 7 days of harvest,24 the clinical goal for this pilot pro-
gram is to preserve osteochondral allografts for only a short 
time (approximately a week) at temperatures greater than 
4°C, in an effort to avoid deterioration in chondrocyte viabil-
ity and to preserve extracellular matrix (ECM) integrity.

Therefore, the purpose of this study was to evaluate the 
quality of macroscopically healthy cartilage from relatively 
young middle-aged patients on storage by testing chondro-
cyte histology, viability, and gene expression after 1 week 
of incubation in a number of modern storage conditions (i.e. 
in chondroprotective media incubated at normoxia (21% 
O

2
) at 22°C and 37°C or hypoxia [2% O

2
] at 37°C). In addi-

tion, we aimed to perform a limited validation experiment 
to compare physiologic storage (37°C with hypoxia) to the 
current industrial standard of 4°C to further evaluate and 
compare modern storage conditions in light of currently 
used clinical protocols. We hypothesized that storage at 
physiologic conditions (37°C, hypoxia) would lead to 
improved tissue viability and gene expression as compared 
with storage at room temperature or refrigerated storage at 
4°C. The short-term storage of healthy OCAs from donors 
has the potential to provide efficacious treatment through 
the novel utilization of this postoperative product, with high 
chondrocyte viability, to overcome the persistent global 
shortage of cartilage allografts.

Methods

Tissue Collection and Processing

Joint resections were collected from young patients (<60 
years) undergoing total knee replacement surgery for varus 
or valgus pathology with well-preserved contralateral com-
partments demonstrating Kellgren-Lawrence grade 0 or 1 
pathology. Eleven young total knee arthroplasty (TKA) 
donors (6 males, 5 females, age 56.4 ± 2.2 years) were 
screened using standardized inclusion/exclusion criteria 
(Fig. 1) and eligible for inclusion in this study.

On collection of joint resections, photos were taken to 
enable gross observation and scoring of the tissues accord-
ing to the ICRS (International Cartilage Repair Society) 
grading system (Fig. 2a). Subsequently, osteochondral sam-
ples were harvested from each resection by the creation of 
4- and 8-mm discs using biopsy punches (Fig. 2b-d), with a 
scalpel introduced below the calcified layer and within the 
superficial bone to include subchondral bone along with the 
cartilage and create true osteochondral discs. Discs of 4 mm 
from each tissue section were transferred immediately to 
10% formalin for preservation. These served as baseline 
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samples for histology at the time of tissue harvest. All other 
cartilage discs were transferred into serum-free media and 
maintained for 7 days at room temperature (22°C ± 0.5°C, 
normoxia [21%O

2
]), incubated at 37°C with normoxia, or 

incubated at 37°C under hypoxic conditions (2.0% ± 0.5% 
O

2
; Fig. 3 for timeline). Excess cartilage was frozen in liquid 

nitrogen for RNA preservation for real-time quantitative 
polymerase chain reaction (RT-qPCR) analysis.

Histologic Tissue Characterization

Four-millimeter discs from the time of tissue harvest and 
following 7 days of incubation for each treatment group 

were transferred to 10% neutral buffered formalin for pres-
ervation. After 24 hours of fixation, samples were trans-
ferred to 70% ethanol. Tissues were bisected and embedded 
in paraffin and sectioned (5 μm) along a vertical plane to get 
a cross-sectional view of the different cartilage zones. 
Slides were stained for hematoxylin-eosin (H&E) and saf-
ranin-O/fast green using standard methods (Fig. 4a and b). 
Additional sections of each sample underwent immunohis-
tochemical staining for aggrecan (mouse anti-aggrecan 
antibody, Novusbio NB110-6524, dilution 1:150 in phos-
phate buffered saline/bovine serm albumin [PBS/BSA] 
5%), collagen type I (rabbit monoclonal anti-collagen 1/
COL1A1, Abcam EPR7785, dilution: 1:400 in PBS/BSA 

Figure 1.  Screening for inclusion/exclusion criteria. Volunteer total knee arthroplasty donors were screened for the given criteria. 
Eleven donors were included in the pilot study. JSN, joint space narrowing.

Figure 2.  Collection of tissue resections and creation of cartilage discs. (a) Representative images of the joint resections. Bone and 
cartilage joint resections are collected from patients undergoing total knee replacement surgery and scored for disease severity. (b) 
Healthy cartilage pieces are harvested and cartilage discs are created using a biopsy punch (shown here: 8-mm disc) (c) before transfer 
to storage cocktail (d).
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5%), and collagen type II (mouse monoclonal anti-collagen 
II/COL2A1, DSHB, University of Iowa, dilution 1:100 in 
PBS/BSA 5%) with normal mouse or rabbit IgG used as a 
negative controls (Fig. 4c-e). For the 11 patients studied, 3 
blinded and independent reviewers scored histologic sec-
tions from each of the samples at each of the 4 conditional 
time points: day 0 and day 7 at 22°C, 37°C + O2, and 37°C 
with hypoxia, for a total of n = 246. Samples were scored 
using the Modified histological-histochemical grading sys-
tem by Modified Mankin Score (MMS) for histological 
quality and histomorphometry.47,48

Cell Viability Quantification With Live-Dead 
Staining

At days 1 and 7, 4-mm pellets were collected from each 
culture condition (22°C + O

2
; 37°C + O

2
; 37°C + hypoxia) 

and assessed for cell viability using a 2-color fluorescence 
assay based on the simultaneous determination of live (cal-
cein acetoxymethyl [AM]: green) and dead (ethidium 
homodimer-1: red) cells (Live-Dead Viability/cytotoxicity 
kit for mammalian cells; Molecular Probes Fluorescent 
z-stack images (850 µm × 850 µm × ~100 µm; 7.2-µm 
slice thickness) were collected for each tissue section and 
culture condition using an inverted LSM 780 multiphoton 
laser scanning confocal microscope (488 nm and 561 nm 
lasers) at 10× magnification. Maximum intensity projec-
tions were created in Zen (2.3 SP1, Zeiss 2015; Fig. 5). The 
amount of red and green staining in each image was quanti-
fied in MatLab (R2015b, 8.6.0.267246) by setting an inten-
sity threshold to 25 and calculating the percentage of red 
and green pixels relative to the total number of pixels in the 
image. Viable cell density (VCD) was calculated by divid-
ing the number of green (live) pixels by the combined 

Figure 3. T imeline for storage and tissue characterization. Schematic representation of punched cartilage discs, the 3 storage 
conditions, and the timeline for the different levels of tissue characterization.

Figure 4.  Histology staining. Representative joint resection sample demonstrating good cartilage architecture by hematoxylin and 
eosin (H&E) (a) and safranin-O (b) staining. Immunohistochemisty demonstrates an absence of collagen I staining (c), strongly positive 
collagen II staining throughout (d), and scattered areas of positive aggrecan staining (e) within the cartilage disc. Scale bar = 500 µm.
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number of green (live) and red (dead) pixels in order to pro-
vide a measure of percentage viable cells.

Molecular Characterization of Cartilage by Gene 
Expression Analysis

To ascertain whether the different storage conditions pro-
duced distinct molecular responses in the cartilage discs, 
gene expression was analyzed using reverse transcriptase–
based real-time quantitative PCR (RT-qPCR). RNA was 
isolated from the frozen cartilage samples using a modified 
Biochain Protocol (Cartilage RNA Isolation Kit, K2031010, 
Biochain Institute, Newark CA). Detailed methods are pro-
vided in the Supplemental Material and Table 1. Gene 
expression for selected gene markers (ACTB, HPRT1, 
AKT1, COL1A1, COL2A1, COL10A1, ACAN, HAPLN1, 
MFAP5, MMP13, CD14, CD117, CD163, CD4) was quan-
tified using RT-qPCR whereby each reaction was performed 
with 10 ng/µL of cDNA, QuantiTect SYBR Green PCR kit 
(Qiagen, Hilden, Germany), and a CFX384 RT-qPCR sys-
tem (Bio-Rad, Hercules, CA, USA). Transcript levels were 
quantified using the 2ΔΔCt method and normalized to the 
housekeeping gene AKT1 (set at 100). Technical qPCR 
triplicates were run for each sample at each condition.

Statistics

Statistical analysis was performed by a formally trained 
institutional statistician. The total sample size for the study 
was 11 samples (patients) employed for the core viability, 
histology, and qPCR analysis performed at baseline (day 0) 
and at the day 7 22°C, 37°C + O2, and 37°C with hypoxia 
conditions. Each patient was analyzed at the above time-
points for all 3 outcome measures (viability, histology, and 
qPCR). An additional n = 3 samples were employed in our 

validation experiment comparing physiologic storage (37°C 
with hypoxia) to the current industrial standard of 4°C on 
the basis of viability.

Comparisons for live-dead quantification and RT-qPCR 
results were made between groups using generalized linear 
models utilizing generalized estimating equations (GEE). P 
values were adjusted for multiple comparisons using the 
false discovery rate method described by Benjamini and 
Hochberg.49 For histology, the weighted kappa statistic with 
Cicchetti-Allison weights was used to assess the agreement 
in measures between the observers. Areas and conditions 
were compared using GEE, taking into account multiple 
measurements taken from the same person. Power and sam-
ple size calculations for the study were chosen based on a 
primary viability endpoint at alpha = 0.05, power = 0.80 
and the viability values provided by Pallante et al15 in their 
caprine model for temperature-based osteochondral 
allograft preservation, resulting in a goal sample size of n = 
11 per group. P values <0.05 were considered significant. 
Statistics were performed using SAS Version 9.4 and JMP 
Pro 13.0 (SAS Institute, Cary, NC).

Results

Macroscopic and Histologic Tissue 
Characterization

Eleven osteochondral specimens from relatively young 
middle-aged TKA patients (6 males, 5 females, age 56.4 ± 
2.2 years) were stored in chondroprotective media and incu-
bated at normoxia (21% O

2
) at 22°C and 37°C and hypoxia 

(5% O
2
) at 37°C for 7 days. Cartilage from the unaffected 

compartments demonstrated healthy macroscopic architec-
ture, with median ICRS grade 0 pathology (range: 0-2) and 
focal ICRS grade 1-2 changes. In contrast, the median  

Figure 5. R epresentative live/dead staining of cartilage discs. Representative images from 5 different cartilage discs (a-e, collected 
from a single donor) obtained during live/dead microscopy at days 1 and 7 following storage at various temperature and oxygen 
conditions. Samples stored at 22°C demonstrated significantly decreased proportions of live (green) cells at day 7 compared with 
baseline (day 1) and matching samples stored at 37°C. Green (red) values represent the percentage of all pixels that are green (red).



Denbeigh et al.	 285S

contralateral compartment demonstrated mean grade 4 
pathology (range: 3-4).

On histologic embedding and staining, the obtained day 
0 samples exhibited excellent collagen II staining and no 
significant collagen I staining, supporting mature, hyaline 
cartilage predominance over fibrocartilage, and supporting 
the use of these TKA resection samples in determining 
osteochondral tissue viability over time during storage (see 
Fig. 4 for representative images). Aggrecan staining was 
present throughout the healthy compartment samples. In 
addition, all samples were stained for H&E and safranin-O 
for cartilage morphology grading.

Cartilage morphology was scored according to the MMS 
(Fig. 6) by 3 independent and blinded reviewers. This sys-
tem evaluates differences in structure, cell composition, and 
safranin-O staining, with a minimal score of 0 (normal car-
tilage) and a maximum score of 11 (complete structure dis-
organization with hypocellularity and no safranin-O dye 
staining noted). The mean MMS score of all histological 
samples at the time of harvest was 3.9 ± 1.8, indicating 
mild degenerative changes (see Fig. 6). Following 7 days of 
storage, mean MMS scores were 4.5 ± 2.0 for 22°C + O

2
, 

3.8 ± 1.6 for 37°C + O
2
, and 4.3 ± 1.3 for 37°C + hypoxia 

with no significant difference noted between groups or as 
compared with baseline (P ≥ 0.54).

Cellular Level Characterization With Live-Dead 
Staining

At the time of baseline measurements within the first 24 
hours of storage (day 1), all 3 conditions demonstrated sim-
ilar, high VCDs (94.0% ± 2.7%, range 87.5% to 99.2%, 
P = 0.13). Following 7 days of storage, incubation at room 
temperature caused a significant decrease in the presence of 
viable cells, with a final mean VCD of 65.6% (range: 22.8% 
to 98.9%, P < 0.01). In comparison, at day 7 the mean VCD 
for 37°C normoxic storage was 95.1% (range: 87.2% to 
97.1) and mean VCD for 37°C hypoxic storage was 92.2% 
(range: 79.7% to 97.4%), with no significant difference 
between the two 37°C storage conditions (P = 0.39). No 
significant difference in VCD was observed when compar-
ing baseline (day 1) VCD to viability at day 7 for the 37°C 
incubation groups, suggesting that VCD was maintained 

Figure 6.  Histology scoring. (a) Breakdown of Modified Mankin Score (MMS) scoring table. (b) Box (interquartile range [IQR]) 
and whisker (max, min) plots of the total MMS histological scores (Structure [0-4] + Cells [0-3] + Safranin-O staining [0-4]; 3 
independent observers) for day 0 samples harvested immediately at tissue collection, and for samples cultured for 7 days in storage 
at 22°C + O

2
, 37°C + O

2
 or 37°C + hypoxia. Means ± standard deviations are included (diamonds) for each treatment group. No 

significant difference was found across treatment.
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throughout storage for these groups (P ≥ 0.27). For com-
parison, the day 7 VCDs for samples incubated at 37°C 
under either oxygen condition were significantly higher 
when compared with the day 7 VCD for samples incubated 
at room temperature (P =0.0001, Fig. 7).

Molecular Level Characterization With RT-qPCR

COL1A1, COL1A2, and ACAN qPCR expression follow-
ing 7 days of storage was unchanged from baseline (P > 
0.05) for all 3 storage conditions tested (see Fig. 8). CD163 
expression, indicative of inflammatory activity including 
macrophages and monocytes, was significantly lower in the 

37°C groups (normoxia and hypoxia) compared with 22°C 
(P < 0.01). Of the genes tested, MFAP5, COL10A1, CD4 
(associated with helper T-cells) and CD117 (KIT; mast cell) 
demonstrated trace to no detectable expression (data not 
shown).

Validation Experiment: Viability Comparisons 
with Current 4°C Industrial Standard

When comparing physiologic storage at 37°C with hypoxia 
to the current industrial standard of refrigeration at 4°C, a 
validation group of n = 3 additional patient samples (3 
females, mean age 52.3 ± 1.2 days) demonstrated that the 

Figure 7. L ive/dead staining results. Box and whisker plots of live/dead staining demonstrate significantly better maintenance of cell 
viability, as measured by percentage of green pixels at 7 days of storage for cells cultured at 37°C as compared with cells cultured at 
22°C. (a) Change in cell viability over 1 week is illustrated by plotting the ratios of green pixels: all stained pixels to determine viable 
cell density [VCD]). All day 1 samples are pooled, while average day 7 results are grouped by condition. There was no significant 
change in VCD from day 1 to day 7 for cartilage preserved at 37°C, while samples stored at 4°C (validation cohort) and at 22°C had a 
significant drop. Percentage of (b) red pixels (dead cells) and (c) green pixels (live cells) are shown as a function of the total number of 
pixels in each image to represents the change in cell density for each condition and time point.
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4°C group had a substantially lower mean VCD of 56.1% ± 
6.0% after 7 days as compared with 88.9% ± 4.8% for the 
37°C + hypoxia condition (P = 0.004). These results are 
included in Figure 7a.

Discussion

Articular cartilage defects can cause chronic pain and pro-
gression to OA and there is a critical need for safe and cost-
effective interventions. OCA transplantation is a safe and 
effective treatment option for large cartilage defects, with 
demonstrated positive long-term clinical outcomes.33,50,51 
However, OCA suffers from a limited supply of viable tis-
sues. This is compounded by AATB mandates for OCA 

storage for culture-based infectious disease testing, with 
this storage classically performed at 4°C with documented 
deleterious on tissue viability.16 The purpose of this study 
was to test macroscopically healthy cartilage from dis-
carded varus and valgus TKA tissue in patients with local-
ized cartilage degeneration and to evaluate and compare 
chondrocyte viability after 1 week of storage in a number of 
modern storage conditions. Our hypothesis was confirmed 
in that storage at physiologic conditions (37°C ± hypoxia) 
demonstrated improved viability when compared to room 
temperature storage.

Previous studies have suggested that the success of an OCA 
is a function of the viability of the graft’s chondrocytes,  
which diminishes over storage time16 and that storage at 

Figure 8. R everse transcriptase–based real-time quantitative polymerase chain reaction (RTqPCR) data from 3 different week-long 
maintenance conditions. Box and whisker plots of gene expression levels (obtained by RT-qPCR; normalized to Akt1) that allow 
comparison of samples collected from different treatment conditions at 2 distinct time points: day 0 samples (gray) and day 7 samples 
stored at 22°C + O

2
 (blue), 37°C + O

2
 (yellow), or 37°C + hypoxia (purple). Samples were assessed for changes in housekeeping 

genes (AKT1, ACTB), matrix deposition associated markers (COL1A1, COL2A1, COL10A1, ACAN), matrix maintenance–associated 
markers (HAPLN1, MFAP5, MMP13) and inflammatory infiltrate markers (CD4, CD14, CD163, KIT). Genes with no detectable 
expression are not plotted. Analysis of variance (ANOVA) with false discovery rate (FDR) adjustments made for multiple comparisons 
were performed to compare treatments. P values less than 0.05 are significant.
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physiological temperatures results in favorable chondrocyte 
viability12,14,15,24,31 compared with 4°C. The storage conditions 
examined in this study were selected based on previously pub-
lished findings, which have compared storage at 4°C to stor-
age at room temperature or 37°C on an individual 
basis.12,14,15,24,31 Both Pallante et al15 and McCarty et al,31 for 
example, have demonstrated that caprine chondrocyte viability 
is maintained for up to 28 days at 37°C, while 4°C incubation 
showed a 30% decrease in viability. In canine cadaver studies, 
Garrity et al12 have reported a mean 28-day tissue viability of 
40% in samples maintained at 4°C compared with ~76% via-
bility for OCAs stored at 37°C and Day 0 control of 77% via-
bility. Other work has focused on prolonging viability when 
OCAs are stored at room temperature.8,52 Given that there is 
considerable evidence pointing to reduced chondrocyte viabil-
ity following storage at 4°C, we focused on comparing storage 
of OCAs for 2 of the most commonly proposed storage tem-
peratures, ~ 22°C to 25°C and 37°C, as they have not been 
compared side by side for human tissues, and this comparison 
is important for development and future standardization of 
OCA storage conditions. Furthermore, we have included a 
validation experiment of an additional 3 patient samples com-
paring physiologic storage at 37°C to the current industrial 
practice of storage at 4°C. While limited in sample size, the 
results, which demonstrate increased viability in the physio-
logic storage group, provide further human-tissue specific 
support which favors nonrefrigerated storage at conditions 
which approximate those temperatures seen in vivo.

The effects of different storage times and different media 
recipes on cellular viability have been widely studied in the 
past and have been summarized nicely by De Caro et al14 
and Wright et  al.18 In an effort to limit variables in this 
study, we tested only a single type of preservation media to 
enable the comparison of multiple storage conditions while 
controlling media environment. We focused on the use of a 
formulation similar to that developed in the MOPS 
(Missouri Osteochondral Allograft Preservation System) 
protocol,8 which avoids the use of fetal bovine serum sup-
plements, as studies have presented conflicting reports as to 
their benefits.24,39 This proprietary media is able to maintain 
sufficient (70%) chondrocyte viability for greater than 56 
days at room temperature, and is well documented in the 
literature.8,12,16,22,24,52 We elected to use a serum-free, 
growth-factor free solution to limit concerns related to dis-
ease transmission, batch variability, or contamination.12,24 
We also opted to avoid multiple media changes, because 
media replacement does not result in appreciable improve-
ments in chondrocyte viability.8 Furthermore, our clinical 
goal is to preserve cartilage for only a short time (1 week) 
and regular media changes have not been associated with 
significant improvements in chondrocyte viability, accord-
ing to Stoker et  al.8 Our studies replicate a best surgical 
practice solution for OCA, which has classically been per-
formed within 7 days of donor expiry.

To date, storage at 37°C has not become standard prac-
tice, due to preexisting tissue banking regulations and con-
cerns related to cost or microbial contamination at 
temperatures above 4°C. A recent study by Stoker et  al.8 
indicates that storage at room temperature is safe, because 
all tissue and media samples passed sterility testing, with no 
presence of microbial growth. Garrity and colleagues12 
have also shown that microbial cultures of the media col-
lected at the end of storage at 37°C caused no increased 
incidence in bacterial contamination. Of note, storage at 
4°C was originally desired and recommended due to theo-
retic decreased microbiological viability and growth, analo-
gous to the common practice of food refrigeration. However, 
as demonstrated in previous canine and caprine models, 
subphysiologic storage has parallel negative consequences 
on desirable cartilage viability. Considering that it is 
increasingly well-established that aseptic storage is possible 
at 37°C, it appears that a microbiological rationale for cold 
storage is less tenable at present.

Histologically, healthy articular cartilage is composed of 
smooth collagenous tissue with chondrocytes comprising 
less than 10% of the total volume.1,53 Collagen type II is 
abundant, while limited if any collagen type I is present.54 
In the histological staining of our day 0 samples, we 
observed mild degeneration, suggestive of early osteoar-
thritic changes, as anticipated in the relatively preserved 
compartment of varus and valgus total knee arthroplasty 
specimens. However, tissues were generally healthy, with 
absence of collagen I staining, strong collagen II staining, 
and only mild to moderate disease present on mHHGS scor-
ing. Most important, we did not observe significant histo-
logic deterioration of samples during storage at any of the 3 
conditions tested. This finding indicates that tissue architec-
ture and composition are well maintained during osteo-
chondral storage, in agreement with similar studies. Stoker 
et al.8 have presented data showing no significant changes 
in OCA material properties after OCA storage in MOPS 
media at room temperature at 28, 56, or 70 days after pro-
curement. Histological assessments indicated the mainte-
nance of cell morphology, ECM staining for collagen, and 
articular surface integrity. Others have also suggested that 
ECM is maintained during graft storage even when chon-
drocyte viability falls.15,44 This highlights the need for 
nuanced measures of graft health such as viability (live-
dead) and gene expression assays.8

Most existing OCA studies have focused on quantifying 
chondrocyte viability at 14 days postharvest or later, pre-
sumably to fall in line with AATB testing recommendations; 
the rate of cell death generally appears to increase after this 
time point.24 Numerous factors, including OCA source 
(human vs. animal), disease state, media composition, level 
of oxygenation, and time point measured, as well as quanti-
fication technique are likely to influence viability measure-
ments. Our analysis of live-dead viability in different storage 
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conditions shows that human OCA tissues stored at 37°C 
achieved superior VCD results as compared with osteochon-
dral specimens, stored in serum-free media at 22°C, with 
>90% viability following 7 days of incubation at 37°C as 
compared to a mean VCD of 66% for storage at 22°C. These 
results suggest the utility of physiologic storage and high-
light that, after only 7 days of incubation, the mean VCD of 
storage for our human OCAs at room temperature (22°C) 
falls below the proposed 70% cutoff for OCA viability. 
Considering that graft viability is considered the leading pre-
dictor of clinical success in OCA transplantation, we believe 
these results strongly support human OCA storage at physi-
ologic 37°C conditions, at least for programs aimed at mini-
mizing storage time and maximizing chondrocyte viability. 
Of note, a change in oxygen content did not appear to sig-
nificantly affect the viability of the chondrocytes in our sam-
ples. Because physiologic hypoxia is present in the articular 
environment and may suppress the growth of aerobic bacte-
ria, hypoxic storage may represent a preferred storage envi-
ronment that could reduce the possibility of infectious 
disease. Future studies should investigate the potential ben-
efits of reduced oxygen tension by testing a broader range of 
oxygen conditions for chondrocyte storage.

In order to perform comprehensive characterization of 
cartilage under the 3 experimental storage conditions, we 
performed RT-qPCR on baseline and stored osteochondral 
discs to ascertain the presence of key matrix deposition and 
maintenance markers and investigate the presence of 
inflammatory infiltrates. Following 7 days of storage, there 
was no change in collagen or aggrecan expression for all 3 
nonrefrigerated storage conditions, while high expression 
of collagen II and aggrecan and low expression of collagen 
I were maintained. Remarkably, we did observe increased 
expression of the macrophage/monocyte biomarker CD163 
with storage at 22°C. The latter indicates the presence of 
inflammatory activity, which may reflect the immunologi-
cal effects of storage below physiologic conditions, consis-
tent with previous literature suggesting that stress-response 
gene expression can be driven by both supra- and infra-
physiologic environments.32 Increased CD163 expression 
observed at 22°C samples in our study provides molecular-
level support for the potential utility of physiological stor-
age at 37°C. Other groups looking at gene response have 
observed a significant increase in apoptotic gene expression 
in human (femur) OCA tissues stored at 4°C, indicating that 
loss of chondrocyte viability observed during storage is at 
least partially due to apoptosis.30 We did not observe matrix 
degeneration at 7 days, which supports the findings of 
Robertson et al.30 who concluded that there was little to no 
upregulation of genes involved in ECM degradation even at 
their latest time point of 35 days. Since both histologic and 
gene expression markers appear to be limited to long-term 
storage effects, we reiterate the importance of having reli-
able and robust measurements of chondrocyte viability for 

short-term storage when assessing OCA quality, when 
decreases in metabolic activity and increased chondrocyte 
death may become apparent.29

Our study is not without limitations. Paired analyses, 
performed by having all 3 storage conditions tested for each 
osteochondral donor, enabled better accounting for inters-
ample tissue variance. However, the absolute amount of tis-
sue per donor remains limited and thus, additional 
temperature conditions such as 4°C could not be tested in 
parallel to the three methods of storage compared. These 
limitations were mitigated by the addition of a validation 
cohort to provide comparisons and a context including stan-
dard 4°C storage, next to which our main results can be 
interpreted. For the same reasons, we did not use clinically 
relevant sized discs although we note that the size of clini-
cal OCA lesions can vary considerably, with one estimate 
describing ranges of 2.3 to 11.5 cm2.55 We also did not mea-
sure the bone-to-cartilage ratio in our discs. It is possible 
that a larger bone presence in the discs could have adversely 
affected cartilage during storage, although Pennock et al.56 
suggest that the bone-to-cartilage ratio plays little to no role 
in the degradation of allografts during prolonged storage. 
We did not attempt to quantify this factor, or OCA size in 
these experiments. Additionally, we did not include micro-
biological testing in this cohort in an effort to ensure tissue 
availability for histologic, live-dead, and qPCR analysis. 
Finally, further expansion of sample sizes and metabolic 
comparisons in follow-up studies may provide a more strin-
gent physiologic proof-of-concept.

In conclusion, storage of human osteochondral tissues in 
serum free media at 37°C, with or without hypoxia, demon-
strates maintained macroscopic tissue quality and chondro-
genic gene expression, improved chondrocyte viability, and 
decreased inflammatory CD163 activity when compared to 
storage at 22°C. These data provide guidance for a novel yet 
simple method that optimizes tissue viability during short-
term storage of fresh OCA and has the potential to improve 
long-term clinical results of surgical cartilage repair.
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