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Abstract

With limited availability of osteochondral allografts, tissue engineered cartilage grafts may
provide an alternative treatment for large cartilage defects. An effective storage protocol will be
critical for translating this technology to clinical use. The purpose of this study was to evaluate the
efficacy of the Missouri Osteochondral Allograft Preservation System (MOPS) for room
temperature storage of mature tissue engineered grafts, focusing on tissue property maintenance
during the current allograft storage window (28 days). Additional research compares MOPS to
continued culture, investigates temperature influence, and examines longer-term storage. Articular
cartilage constructs were cultured to maturity using adult canine chondrocytes, then preserved
with MOPS at room temperature, in refrigeration, or kept in culture for an additional 56 days.
MOPS storage maintained desired chondrocyte viability for 28 days of room temperature storage,
retaining 75% of the maturity point Young's modulus without significant decline in biochemical
content. Properties dropped past this time point. Refrigeration maintained properties similar to
room temperature at 28 days, but proved better at 56 days. For engineered grafts, MOPS
maintained the majority of tissue properties for the 28-day window without clearly extending that
period as it had for native grafts. These results are the first evaluating engineered cartilage storage.
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Articular cartilage defects greater than 2 cm? are often treated with osteochondral allografts.
Although fresh grafts have been shown to result in long-term functional outcomes,! success
is a function of the viability of the graft's chondrocytes, which diminishes over storage
timel~4 leading surgeons to consider 28 days post-harvest as the limit for the optimal
transplantation window. Current mandatory disease testing of fresh grafts takes at least 14
days, which limits graft availability for clinical use to 14 days or less.® Current tissue bank
storage protocols entail grafts being stored in fetal bovine serum (FBS)-containing media in
refrigeration (4°C).% Based on the limitations of current storage protocols with respect to
graft availability, researchers are investigating various methods of storage in an attempt to
increase the duration of this storage window.5-12 A preservation system recently developed
by Stoker et al., called the Missouri Osteochondral Allograft Preservation System (MOPS),
has shown maintenance of day 0 chondrocyte viability for at least 63 days without the use of
serum, growth factors, or refrigeration.1314 This preservation system reduces concerns
associated with xenogenic media components and simplifies storage logistics.

Still, osteochondral allografts are in insufficient supply to meet clinical demand.1>16 Tissue
engineering may offer an alternative, cell-based strategy for fabricating biomimetic grafts.’
Engineered tissue grafts have been fabricated and cultured to reach native or near-native
mechanical and biochemical properties.18-21 To facilitate eventual clinical translation,
engineered grafts will also require an effective preservation/storage protocol, in order to give
the product a “shelf-life”.22 As native and engineered cartilage differ in structure and
composition, preservation requirements of the tissues may also differ.

Previous studies in our laboratory have shown that engineered tissues grown with adult cells
require culture media supplementation with transforming growth factor-3 (TGF-$3) for
development and maintenance of tissue properties.18:23.24 Cessation of growth factor
administration after 14 days (e.g., transient growth factor exposure), an effective protocol
for promoting functional development of engineered constructs derived from juvenile
chondrocytes,24-27 was shown to decrease Young's modulus of mature-cell constructs to
~15% of original values in only two weeks (day 28 of culture)?* (Fig. 1). As the MOPS
system does not include TGF-B3, we speculated that engineered tissues would exhibit a
similar loss of tissue properties under the prescribed preservation conditions.

In the current study, MOPS preservation of tissue engineered cartilage grafts, cultivated to
native mechanical properties, was investigated to determine its suitability for this purpose.
We explored its efficacy by comparing grafts maintained in culture as well as at room
temperature and cold storage. While the immediate focus of this evaluation was on the
critical clinical window of 28 days, preservation up to 56 days was investigated to explore
the potential for longer-term storage. Constructs were evaluated for mechanical,
biochemical, histological, gross, and viability properties. Tissue properties were compared
to those at the point of maturation and compared to the other experimental groups at each
time point.
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MATERIALS AND METHODS

Sample Preparation and Tissue Culture

Articular cartilage chunks were harvested from adult canine knees,1921 then digested in 390
U/ml collagenase type IV (Worthington, Lakewood, NJ) for 8 h with slight agitation.
Isolated primary chondrocytes were then passaged once (P1) or twice (P2) in Dulbecco's
Modified Eagle's Media (DMEM, Invitrogen, Carlsbad, CA) containing 10% FBS (Atlanta
Biologicals, Norcross, GA), 1 ng/ml transforming growth factor-beta-1 (TGF-p1,
Invitrogen) and 5 ng/ml fibroblast growth factor-2 (FGF-2, Invitrogen), and 1% antibiotics/
anti-mycotics (Invitrogen). Chondrocytes were encapsulated at 30 x 10° cells/mL in 2% wi/v
agarose (Type VII, Sigma-Aldrich, St. Louis, MO), and cast between parallel plates.
Cylindrical disks were punched from this slab, yielding constructs of 4.0 mm diameter and
2.3 mm thickness. Constructs were cultured in chemically defined media (chondrogenic
media, CM) consisting of DMEM containing 50 pg/mL -proline (Sigma—Aldrich), 100
pg/mL sodium pyruvate (Sigma—Aldrich), 1% ITS+ premix (BD Biosciences, San Jose,
CA), 100 nM dexamethasone (Sigma—Aldrich), 1% antibiotics/antimycotics, 50 pg/mL
ascorbic acid (Sigma—Aldrich), and 10 ng/ml TGF-3 (R&D Systems, Minneapolis, MN)
with media changes three times per week. Constructs were evaluated on biweekly time
points.

Preservation/Storage

Once constructs reached the point of maturity (28-42 days), judged by an average
equilibrium compressive Young's Modulus (Ey) in the native range (> 200 kPa 18),
constructs were randomly assigned to experimental groups: MOPS-25, standard preservation
in MOPS media at room temperature (25°C)13:14: MOPS-4, preservation in MOPS media
with refrigeration (4°C); or continuous culture, in which constructs remained in the culture
conditions described above. For constructs in MOPS media, the media were changed once
per week and did not contain growth factors or FBS.2:13.14.18 M{OPS media components
include DMEM, antibiotics, antimycotics, dexamethasone, ascorbic acid, .-proline, sodium
pyruvate, insulin, transferrin, and selenous acid. The maturity point served as the baseline
for preservation. Culture and preservation of experimental groups is summarized in Figure
2.

Mechanical Testing

Spatially averaged mechanical properties were evaluated using custom testing device as
previously described.28 Ey was assessed from the steady-state response under 10%
unconfined compressive strain. The dynamic modulus (G*) was evaluated at 0.01 Hz and
1% strain amplitude, superimposed over the steady-state response under 10% compressive
strain.

Biochemical Analysis

Constructs were weighed wet (WW) and, following lyophilization, dry (DW), then digested
in 0.5 mg/mL proteinase-K (MP Biomedicals, Santa Ana, CA) for 16 h at 56°C. Full
constructs were used for biochemical analyses for all time points other than day 0 (initial
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casting), at which half constructs were used. DNA content was measured using a PicoGreen
assay (Invitrogen) with lambda phage DNA standards.?® Glycosaminoglycan (GAG) content
was measured using a 1,9-dimethylmethylene blue (Sigma—Aldrich) dye-binding assay with
shark chondroitin-6-sulfate (Sigma—Aldrich) standards.3 An aliquot of the proteinase-K
digested solution was hydrolyzed in 12 N HCI at 110°C for 16 h, dried, and then
resuspended in assay buffer.31 Orthohydroxyproline (OHP) content was then measured by a
colorimetric assay scaled to microplates involving reactions with chloramine T and
dimethylaminobenzaldehyde.3! Collagen content was calculated by assuming a 1:7.64 OHP-
to-collagen mass ratio.32 Biochemical quantities were analyzed as absolute values as well as
normalized to WW, DW, and DNA content. For preserved groups, media from weekly
changes were saved, and assayed for GAG content.

Cell Viability and Metabolism

Constructs were halved, stained with a LIVE/DEAD® Assay Kit (Invitrogen), and their
cross-section imaged using a confocal microscope (Olympus Fluoview F\VV1000, Waltham,
MA). To measure metabolism, individual constructs were incubated in 1 ml 0.5 mg/mL
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, Sigma—Aldrich) in
MOPS media for 3 h, then removed, minced, and placed in a dimethyl sulfoxide/isopropanol
solution; dye absorbance was measured on a microplate reader at 670 nm. Absorbance
values were normalized to the average absorbance at the maturation point.

Histological Analysis

Constructs were fixed in 5% acetic acid, 3.7% formaldehyde, 70% ethanol solution for 24 h,
then stored in 70% ethanol.33 Constructs were serially dehydrated in ethanol and embedded
in paraffin (Fisher Scientific, Waltham, MA). Then, samples were sectioned to 8 pm and
mounted on glass slides. Samples were dewaxed, rehydrated, and stained with Alcian Blue
(Sigma—Aldrich) and Picrosirius Red (Sigma—Aldrich) to visualize GAG and collagen
distribution, respectively. Full constructs were used for biochemical analyses for all time
points other than day 0 (initial casting), at which half constructs were used.

Statistical Analysis and Sample Size

RESULTS

Statistica (Statsoft, Tulsa, OK) was used to perform statistical analyses. Two-way analysis
of variance (ANOVA) tests were utilized, followed by a Tukey honest significant difference
(HSD) post-hoc test (a = 0.05) to determine statistical significance (p < 0.05).

Separate studies comparing MOPS-25 to continued control, and comparing MOPS-25 to
MOPS-4, were run and repeated (MOPS-25: 4 individual runs, MOPS-4, Continued Culture:
2 individual runs). For each time point, sample size per group was at minimum three (n = 3).
Here, for easy visualization and cross-study analysis, results from each study were
normalized to the respective maturity point average value, then pooled.

Constructs reached maturity (> 200 kPa) in 28-42 days, providing a baseline for
preservation. Averaged across the four studies, the maturity point tissue properties were: Ey
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=258 + 23 kPa, G* = 1.68 + 0.09 MPa, GAG = 1.97 + 0.06 mg (4.93 £ 0.17% wet weight),
and collagen=0.70 + 0.05 mg (1.73 + 0.13% wet weight). Following this maturity point, the
constructs were split into the experimental groups. Time points refer to the days post-
maturity, either stored/preserved or kept in culture.

At the end of the critical clinical window of 28 days, the MOPS-25 protocol maintained 74.7
+ 15.1% of Ev, 83.2 £ 16.6% of G*, 88.6 + 15.6% of the total GAG content, and 89.1 £
14.7% of the total collagen content averaged across four independent studies (Fig. 3). In that
window, GAG and collagen content did not drop significantly, whereas Ey and G* were
significantly lower than the maturity point. Viability staining showed the majority of cells to
be viable following 28 days of preservation (Fig. 4 A and B). MTT data showed the
metabolic activity decreased over time, with 56.2 £ 17.1% of baseline metabolic activity at
28 days of storage (Fig. 4C).

Continuing culture of constructs led to significantly decreased Ey at 14 days past maturity,
which was not significantly lower than the maturity point at 28 days past maturity (Fig. 5).
However, G* and total GAG content increased significantly over the maturity point and the
preserved groups (Fig. 5). Total collagen content also increased, becoming significantly
different than the preserved groups (Fig. 5). Viability was not different from MOPS
preservation (Fig. 4A).

MOPS-4 showed no difference compared to MOPS-25 in the first 28 days (Fig. 5). Viability
and metabolism were not different from MOPS preservation (Fig. 4B and C).

Past the 28-day clinical window, all construct properties decreased. At 56 days, constructs
preserved with MOPS-25 fell to 43.4 + 13.1% of Ey, 55.9 *+ 16.6% of G* yet maintained
74.1 + 14.5% of GAG and 86.7 + 19.3% of collagen (Fig. 6). Here, refrigeration retained
significantly more GAG, leading to a significantly higher Ey than the MOPS-25. In each
study, GAG measured in the media was generally higher for MOPS-25 preserved constructs
than MOPS-4 (data not shown). Continuing culture also led to a drop in Ey, yet at 56 days
past maturity G*, GAG content, and collagen content were all higher than at the maturity
point. In preserved groups, the change in Young's and dynamic moduli were significantly
lower than the maturity point. GAG content was significantly lower for MOPS-25 samples
and significantly higher for continued culture samples compared to the maturity point.
Collagen levels were not significantly different from the maturity point at 56 days past
maturity. Additionally, metabolism was significantly higher for continuous culture than
preserved groups (Fig. 7). Histology (not shown) corroborated trends ascertained through
assays.

DISCUSSION

As the field of articular cartilage tissue engineering advances, it will require an effective
storage/preservation protocol to give fabricated replacement tissues a “shelf-life” prior to
transplantation, allowing for proper translation into clinical use. Currently, the optimal
transplantation window for organ donor osteochondral allografts effectively ends at 28 days
post-procurement due to decreasing chondrocyte viability.> As such, a storage protocol for
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engineered tissues should maintain properties for at least 28 days. As the MOPS protocol
has been shown to maintain allograft viability for at least 63 days (35 day extension of the
clinical transplantation window) with logistical, chemical, and financial benefits,13-14 it was
adopted as a starting point for preservation of engineered grafts. The properties at construct
maturity point (when preservation was initiated) were used as baseline from which relative
changes in tissue properties could be assessed. As another point of comparison, a tissue
culture group was added, representing an alternative scenario in which grafts would be
maintained in tissue culture until implantation. Additionally, altering the MOPS temperature
to 4°C served to investigate the influence of temperature.

Contrary to our experience growing engineered cartilage derived from adult chondrocytes
that demonstrated a dramatic drop (to ~15% of initial values, Fig. 1) in tissue properties
upon withdrawal of growth factor supplementation of the media,24 application of growth
factor-free MOPS to mature tissue engineered cartilage was observed to maintain most
tissue properties within the critical clinical window, with mostly viable cells after 28 days
(Fig. 4). Ey and G* dropped significantly to 70% of their value at the maturity point. Still,
GAG and collagen content were not significantly changed from the maturity point (Fig. 3).
While metabolism decreased, this is common for grafts stored under sub-physiologic
temperatures.3* These encouraging results suggest that MOPS has potential for storing
engineered cartilage for up to 28 days.

Whereas MOPS has shown to extend maintenance of native canine allografts to 63 days of
storage,# it did not provide similar results with engineered tissues. At 56 days of storage,
Ey, G*, and GAG content were significantly lower than their maturity point values, though
collagen content remained insignificantly changed (Fig. 6). At 56 days preserved,
chondrocyte viability decreased, yet still displayed viable cells in each independent study
(Figs. 4 and 7). In samples preserved for 56 days (Fig. 7), viability staining revealed an
unusual pattern consisting of brightly stained dead cells on the immediate periphery, brightly
stained live cells in the center, and a mix of dead cells and dimly stained live cells in
between. This pattern may be related to susceptibility of the phenotype to pathology, the
breakdown of extracellular matrix, a chemical factor released by the cells into the media,
and/or the lower than physiologic storage temperature. Future studies will investigate the
cause of this unique arrangement.

In terms of temperature, refrigeration was insignificantly different than room temperature at
28 days preserved. However, temperature may be more important with longer storage times,
as refrigeration led to Ey and GAG content that was significantly higher than MOPS-25 at
56 days preserved (Figs. 5 and 6). The GAG content in the media implies decreased turnover
and metabolism in refrigerated samples. Starting when placed in preservation conditions,
engineered tissues decrease in metabolic activity over time as the properties slowly decrease,
until the cells are quiescent. These results indicate that refrigeration is preferred for the
storage of tissue engineered grafts, retaining tissue properties for a longer period of time.
However, within the 28 day clinical transplant window, room temperature storage may be
satisfactory, and logistically easier.
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These studies have several limitations. While the adult canine model is an excellent
preclinical transplantation model,18:35-37 it still does not exactly replicate the adult human
clinical situation. However, repeated success culturing canine chondrocytes in agarose to
native or near-native properties1819.21 makes it a robust model system for the current
studies. Similarly, these studies are purely in vitro, aiming to maintain tissue properties over
time. An in vivo study would be required to fully understand how preserved engineered
grafts will fare after transplantation. The continued culture group presented for reference is
not a realistic clinical scenario: It requires greater cost and labor (3x weekly media change
with growth factor supplementation, incubation), and would still require storage during
mandatory disease/contamination screening. Nevertheless, this is a valuable reference point,
providing knowledge of tissue properties past maturity which may plateau or decline
without additional stimulation, such as dynamic loading.1® Additionally, unlike clinical
allografts, the tissue engineered constructs in these studies are not osteochondral; however,
even for clinical allografts, the bone portion is treated as nonliving,38 and so it is believed
that the results of these studies, preserving chondral-only engineered grafts will be
applicable to preserving tissue engineered osteochondral grafts, which, likewise, incorporate
nonliving bone or bone-like regions.3°

While, to our knowledge, no literature currently exists concerning the storage of tissue
engineered cartilage grafts, there have been many clinical and basic science studies
assessing stored grafts in vivo3411-1340-42 gnq in vitro6-10.14.34,40.43-49 sing a variety of
storage protocols and evaluation methods. Most commonly, chondrocyte viability is used as
the marker of allograft success,? yet ideally tissue properties best match freshly harvested
tissues, which have been shown to have maximum viability and long-term implantation
success.1®:38 Tissue engineering studies allow for the fabrication of a high quantity of
parallel samples, allowing for consistent evaluation of tissue properties. These
comprehensive measurements demonstrate that MOPS can maintain the majority of tissue
properties over 28 days of storage, though further optimization is needed to achieve full
tissue maintenance through 28 days and beyond. Looking forward, we conceive of the
ability to screen cells/constructs during construct fabrication/culturing period as is done
routinely for commercially-available engineered skin.5%-53 In this scenario, MOPS would
further increase the clinical shelf-life of engineered OCAs, starting at the “day 0” of target
mature properties. The disparate preservation response of native and engineered cartilage to
MOPS may ultimately reflect inherent differences between chondrocytes residing in situ and
those manipulated in culture, and directed toward de novo tissue formation. Future studies
will include alterations of the storage protocol to decrease degradation and an in vivo study
to ensure the translational efficacy of stored engineered grafts.
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Figure 1.
Young's Modulus (Ey, n = 4-5) of constructs engineered with Passage 1 adult canine

chondrocytes cultured with continuous (Day 0-28) or transient (Day 0-14) TGF-B3
supplementation. *indicates p < 0.05 difference between groups at day 28. Dashed line
indicates native Young's modulus of canine cartilage. Adapted from ref.24
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Figure 2.
Schematic of experimental group conditions in the documented studies. Maturity was judged

by Ey > 200 kPa.
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A-D. Young's Modulus (n = 23-25) (A), Dynamic Modulus (n = 24-25) (B), GAG Content
(n=17-19) (C), and Collagen Content (n = 16-21) (D) normalized to respective maturity
point tissue properties (n = 26-32), and averaged across four independent studies for
samples preserved for 14 and 28 days with MOPS-25. “indicates significant difference from

maturity point (p < 0.05).
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A-C. Representative cross-sectional Live/Dead images comparing MOPS-25 to Continued
Culture and Maturity Point (A) and comparing MOPS-25 to MOPS-4 and Maturity Point (B)
at 28 days preserved (n = 2-4). MTT absorbance values after 28 days preserved normalized
to maturity point values (C). MTT values for MOPS-25 are pooled from three independent
studies (n = 12), values for CC are from one independent study (n = 3), and values for
MOPS-4 are pooled from two independent studies (n = 8). Maturity point data pooled from
three independent studies (n = 14). ~indicates significant difference from maturity point (p <
0.05). There is no significant difference between groups.
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MOPS-4

A-D. Young's Modulus (n = 10-25) (A), Dynamic Modulus (n = 10-25) (B), GAG Content
(n 9-19) (C), and Collagen Content (n = 9-21) (D) normalized to respective maturity point
tissue properties (n = 26-32), and averaged across 2 (Continued Culture, MOPS-4) or 4
(MOPS-25) independent studies for samples preserved for 14 and 28 days with. “indicates
significant difference from maturity point and letters indicate significantly different groups

(p <0.05).
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A-D. Young's Modulus (n = 12-30) (A), Dynamic Modulus (n = 12-31) (B), GAG Content
(n8-28) (C), and Collagen Content (n = 9-26) (D) normalized to respective maturity point
tissue properties (n = 26-32), and averaged across 2 (Continued Culture, MOPS-4) or 4
(MOPS-25) independent studies for samples preserved for 56 days with. “indicates
significant difference from maturity point, letters and * indicate significantly different
groups (p < 0.05).
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A-C. Representative cross-sectional Live/Dead images comparing MOPS-25 to Continued
Culture and Maturity Point (A) and comparing MOPS-25 to MOPS-4 and Maturity Point (B)
at 56 days preserved (n=2-4). MTT absorbance values after 56 days preserved normalized
to maturity point values (C). MTT values for MOPS-25 are pooled from three independent
studies (n = 11), values for CC are from one independent study (n = 4), and values for
MOPS-4 are pooled from two independent studies (n = 8). Maturity point data pooled from
three independent studies (n = 14). ~ indicates significant difference from maturity point (p

0.8

0.6

0.4

0.2

0

56 Days Preserved

A
A

mi |

56
Days Preserved

%,

Maturity Point

MOPS-25

Continued
Culture

MOPS-4

< 0.05). There is no significant difference between groups.
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