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Abstract

The limited availability of fresh osteochondral allograft tissues necessitates the use of banking for
long-term storage. A vitrification solution containing a 55% cryoprotectant formulation, VS55,
previously studied using rabbit articular cartilage, was evaluated using porcine articular cartilage.
Specimens ranging from 2-6mm in thickness were obtained from 6mm distal femoral cartilage cores
and cryopreserved by vitrification or freezing. The results of post-rewarming viability assessments
employing alamar-Blue demonstrated a large decrease (p<0.001) in viability in all 3 sizes of cartilage
specimen vitrified with VS55. This is in marked contrast with prior experience with full thickness,
0.6mm rabbit cartilage. Microscopic examination following cryosubstitution confirmed ice
formation in the chondrocytes of porcine cartilage vitrified using VS55. Experiments using a more
concentrated vitrification formulation (83%), VS83, showed a significant treatment benefit for larger
segments of articular cartilage. Differences between the VS55 and the VS83 treatment groups were
significant at p < 0.001 for 2mm and 4mm plugs, and at p < 0.01 for full thickness, 6mm plugs. The
percentage viability in fresh controls, compared to VS55 and VS83, was 24.7% and 80.7% in the
2mm size group, 18.2% and 55.5% in the 4mm size group, and 5.2% and 43.6% in the 6mm group,
respectively. The results of this study continue to indicate that vitrification is superior to conventional
cryopreservation with low concentrations of dimethyl sulfoxide by freezing for cartilage. The
vitrification technology presented here may, with further process development, enable the long-term
storage and transportation of living cartilage for repair of human articular surfaces.
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Introduction

Advances in low temperature biology have produced high viability preservation methods for
cells and tissues [33]. However, in general the development of preservation methods is not
straightforward and methods that work for many cells in suspension and connective tissues do
not work for certain cell types and tissues, including chondrocytes in intact articular cartilage
[reviewed, 30]. Process development requires the optimization of chemical and thermal
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treatments to achieve maximal survival and stability. In a recent editorial 11] the need for ice-
free cryopreservation methods was emphasized. The consensus opinion was that viable tissues
such as blood vessels, corneas and cartilage that have proven refractory to cryopreservation by
conventional freezing methods, despite decades of intense research by many investigators, can
only be successfully preserved if steps are taken to prevent or control the ice that forms during
cooling and warming. Mathematical modeling may ultimately improve our ability to optimize
freezing procedures for tissues [13], but has not yet contributed to significant advances. Ice
free tissue cryopreservation using vitrification have been shown to be effective in
cardiovascular tissues [31;3;26;27]. Vitrification, an amorphous solidification of a supercooled
liquid, can be achieved by adjusting the solute composition, the cooling rate and warming rate
such that nucleation and growth of ice crystals is essentially prevented [30].

More recently we have extended our vitrification studies to musculoskeletal tissues employing
a rabbit articular cartilage model and obtained excellent in vitro and in vivo results [25;28].
Avrticular cartilage is generally considered to be an immunologically privileged tissue and must
contain living cells at the time of transplantation. Although, fresh osteochondral allografts have
proven to be effective and functional for transplantation, the limited availability of fresh
allograft tissues necessitates the use of osteoarticular allograft banking with long-term storage
[1;16;17;21]. Conventional cryopreservation by means of freezing employing 1-2M Me,SO
results in death of 80-100% of the chondrocytes in articular cartilage plus extracellular matrix
damage due to ice formation [25;28;4]. These detrimental effects are major obstacles
preventing successful clinical utilization of osteochondral allografts [21;29;32] and for future
tissue engineered cartilage products in development. However, human articular cartilage is at
least six times thicker than the rabbit cartilage we have previously used (~0.6mm), therefore
porcine femoral condyle articular cartilage was employed in this study because it approximates
the thickness of human knee joint cartilage.

The tissue vitrification technology described here employs 55% or 83% weight/volume
cryoprotective agents. The original formulation (VS55, a mixture of dimethylsulfoxide
[Me,S0O], formamide, and propylene glycol) and method of use was licensed from the
American Red Cross, where it was intended for organ preservation [6;7;18]. The tissue
vitrification methods were then further developed [14;15] and correlations with matrix
preservation investigated [24;4]. In this report the vitrification solution, VS55, and method that
resulted in ~80% chondrocyte preservation in our previous studies employing full thickness
rabbit cartilage [25;28] and VVS83 were evaluated using porcine articular cartilage specimens
of varying thickness as a model of human articular cartilage.

Materials and Methods

Femoral cartilage was obtained aseptically from the femoral weight bearing condyles of
sexually mature domestic Yorkshire cross pigs weighing between 25 and 30 Kg. These pigs
were skeletally immature, maturity is achieved at weights >200 Kg and two years of age. No
animals were sacrificed for these studies. Bona fide excess tissues from other approved studies
at the Medical University of South Carolina were employed. In this study, three different
thicknesses of porcine cartilage plug (Table 1), 6mm osteochondral cores obtained using a
biopsy punch, were harvested post-mortem, randomized to avoid bias and vitrified or frozen
as described below. The bone was trimmed away resulting in full thickness articular cartilage
cores of ~6mm.

Conventional Cryopreservation

Cartilage specimens were cryopreserved in polyethylene vials using slow rate (—1°C /min)
cooling with 1.4M ME,SO in DMEM culture medium plus 10% fetal bovine serum from —4°
Cto—80°C [2]. The cryopreserved tissue specimens were then stored at —160°C in vapor phase
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nitrogen for a minimum of 24 hours. Thawing was accomplished in two steps, whereupon the
containers were transferred to an ice-bath for elution of the cryoprotectant. This was achieved
in one step in which the tissue samples were transferred to DMEM.

Vitrification Protocol

The cartilage specimens were gradually infiltrated with precooled vitrification formulations of
ME,SO, formamide and 1,2-propanediol in EuroCollins solution at 4°C in six steps consisting
of 0, 12.5, 25, 50, 75 and 100% of each formulation to achieve final cryoprotectant
concentrations of either 55 or 83%. The final cryoprotectant concentrations were 3.10 or 4.6M
ME,SO, 3.10 or 4.6M formamide, and 2.21 or 3.3M propylene glycol, respectively. Finally,
the cartilage specimens were placed in glass scintillation vials (Dia. x H, 25mm x 60mm)
containing 2 ml of pre-cooled vitrification solution. The top of the vitrification solution was
then covered with 0.7 ml of 2-methylbutane (isopentane, freezing point: —160° C, density:
0.62) at 4° C to prevent direct air contact. A thermocouple was inserted into a separate dummy
sample of the same vitrification solution and its output monitored via a digital thermometer
throughout the cooling process. Samples were cooled rapidly (43°C/min) to —100°C by placing
the samples in a precooled bath containing isopentane in a - 135°C mechanical storage freezer.
Upon achieving —100°C the specimens were removed from the bath and stored at —135°C in
the mechanical storage freezer, which resulted in slow cooling (3 C/min) to — 135°C. The
samples were held at —135°C for a minimum of 24 hours. Vitrified cartilage was rewarmed in
two stages, first, slow warming to —100°C (~30°C/min) at the top of the mechanical storage
freezer and then rapidly warmed to melting (~225°C/min) in a 30% ME»SO in water bath at
room temperature. After rewarming, the vitrification solution was removed in seven sequential
15 minute steps at 4°C into DMEM culture medium as previously described [27;25;28].

Viability Assessment

Viability assessments were initiated within an hour of completion of the rewarming and
cryoprotectant elution protocol. Cartilage specimens were incubated under cell culture
conditions in media containing alamarBlue. The alamarBlue™ assay utilizes a water soluble
fluorometric viability indicator based on the detection of metabolic activity, specifically, an
oxidation-reduction (REDOX) indicator which both fluoresces and changes color in response
to chemical reduction of the growth medium caused by cell metabolism. Samples were read
on a spectrofluorometer at 590 nm. The data is expressed as relative fluorescent units/mg dry
weight of tissue.

Histology Methods

Cryosubstitution was utilized to visualize the presence of ice in cryopreserved specimens
[25;28]. Cryosubstitution was performed on thin thickness, 2mm cartilage specimens using
chilled (=90°C) 1% osmium tetroxide in 100% methanol in high-density polyethylene
scintillation vials containing cryopreserved specimens at —90°C. The tissues were dehydrated
with cryosubstitution medium over a period of several days at —90°C. The vials were then
placed in a —20°C storage freezer overnight, followed by 4°C for 1 hour, and then finally
brought to room temperature. Finally, the tissues were transferred to 100% acetone, infiltrated
with Araldite® resin (Electron Microscopy Sciences, Fort Washington, PA), polymerized,
sectioned and stained with Toluidine blue for viewing by light microscopy. Selected blocks
were then thin sectioned (75 nm) for transmission electron microscopy. The sections were
double-stained with uranyl acetate followed by lead citrate and viewed in a JEM-1210
transmission electron microscope (JEOL USA, Inc., Peabody, MA) at an accelerating voltage
of 80 kV.
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Statistical Methods

Results

One-way ANOVA was employed to compare experimental groups with post hoc testing using
Tukey's method. P-values < 0.05 were considered significantly different.

The vitrification solution, VVS55, previously tested on rabbit articular cartilage, was evaluated
using porcine articular cartilage. Three different sizes of cartilage were obtained from pigs
(Table 1) and vitrified using our standard protocol with VVS55. Comparisons between size
groups demonstrated that there was a significant difference for thin versus full sized plugs
(p<0.01), but not for thin versus thick and thick versus full VVS55 treated groups (Fig. 1).

Microscopic examination following cryosubstitution confirmed ice formation in the
chondrocytes of porcine cartilage vitrified using VVS55 verified the presence of ice in these
specimens (Fig. 2). Light microscopy of vitrified and cryosubstituted pig cartilage (thin size)
showed the irregular shape of chondrocytes with considerable cytoplasmic disruption (Fig 2,
A). Electron microscopy demonstrated chondrocytes with nuclear disruption and large
secretory vacuoles. Cytoplasmic projections have a “spiked” appearance that may be due to
ice formation (Fig 2, C). Light microscopy of thin sized pieces of cartilage vitrified with VS83
appeared to be free of ice (Fig. 2, B), however small structures were observed that we interpret
as due to ice crystals using electron microscopy (Fig. 2,D) similar to our previous observations
employing VS55 in rabbit cartilage [28].

We then conducted a series of experiments using a higher concentration of 83% vitrification
solution, VS83, a concentrated version of VS55. One-way ANOVA showed a significant
treatment benefit of VS83 on cartilage tissues (Fig. 3A-C). Post hoc tests using Tukey's method
determined that the difference between the VVS55 and the VVS83 treatment was significant at p
< 0.001 in thin and thick size plugs, and at p < 0.01 in full size plugs. The percentage viability
in fresh controls, compared to VS55 and VS83, was 24.7% and 80.7% in the thin size group,
18.2% and 55.5% in the thick size group, and 5.2% and 43.6% in the full size group,
respectively. There was also a significant difference between the thin versus thick (p<0.01)
and thin versus full thickness (p<0.001) VS83 treated groups, but not the thick versus full
thickness group (not shown on figure).

Discussion

Isolated chondrocytes are relatively easy to cryopreserve in suspensions [22]. However, in
contrast, most studies using a variety of animal articular cartilage models [17;21;28;34] and
human cartilage biopsies [29] have revealed no more than 20% chondrocyte viability following
conventional cryopreservation by freezing procedures employing low concentrations of either
ME,SO or glycerol as cryoprotectants. Ohlendorf et al [21] used a bovine articular cartilage,
osteochondral plug model to develop a clinical cryopreservation protocol. This protocol
employed slow rate cooling and 8% ME>SO as the cryoprotectant. They observed loss of
viability in all chondrocytes except those in the most superficial layer at the articular surface.
In marked contrast, Muldrew et al [19] previously investigated chondrocyte survival inasimilar
sheep model. These researchers observed ~50% cell survival post-cryopreservation,
predominantly close to the articular surface and deep at the bone/cartilage interface. The middle
layer was devoid of viable cells. More recently, Muldrew et al. demonstrated improved results
using a step-cooling cryopreservation protocol, achieving ~62% chondrocytes recovery, but
cell survival post-transplantation was poor and again there was significant loss of cells in the
mid-portion of the graft [20]. The reason for lack of cell survival deeper than the superficial
layers of articular cartilage is most likely multifactorial [12]. Surface cells freeze and thaw
more rapidly than cells located deep within the matrix. This phenomenon could result in a
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greater opportunity for ice to form, both within cells and in the extracellular matrix, deeper
within the articular cartilage. We observed ice deeper in the tissue in our prior studies of rabbit
articular cartilage cryopreservation [28]. Furthermore, typically employed concentrations of
ME,SO (8-20%) may not penetrate adequately to limit intracellular ice formation. Recent data
from Jomha et al. [10] demonstrated that increasing ME,SO concentrations to 6M can result
in higher overall cell survival (40%) after cryopreservation. Whether or not these investigators
were achieving vitrification or partial vitrification within the tissues is not clear.

In agreement with the majority of the literature, we have found that cryopreservation by
freezing results in very poor chondrocyte preservation [25;28]. The results of the present study
continue to indicate that vitrification strategies are superior to conventional cryopreservation
by freezing. However, VS55 produced much lower levels of chondrocyte viability in 2 to 6mm
thick porcine cartilage samples (Fig. 2) than in our previous studies with ~0.6 mm thick rabbit
cartilage where ~80% viability was observed [28]. This observation of very low viability with
VS55 using full thickness large animal cartilage is in agreement with Johma et al. [9].
Employing VS83 we obtained ~80% chondrocyte preservation in 2mm cartilage specimens
(~80% viability) and about 55% viability in 4mm specimens indicating that this vitrification
approach should be excellent for small cartilage specimens for chondrocyte culture or cartilage
biopsies (Fig. 3). Cryosubstitution studies revealed that ice formation occurred in porcine
cartilage preserved with VS55 (Fig. 2). A more concentrated vitrification solution (VS83)
resulted in significantly better preservation of the chondrocytes in porcine articular cartilage
than VS55 (Fig. 2), although ultrastructural ice was still observed. However, when VS83 was
employed on full thickness cartilage (~6mm) only ~43% chondrocyte viability was observed.
We believe that this low outcome was due to poor cryoprotectant permeation resulting in small
destructive ice crystals (Fig. 2D) and not cytotoxicity because much higher levels of cell
viability were observed in thinner cartilage specimens which were exposed to the
cryoprotectants for the same length of time (Fig. 3A). Alternative vitrification protocols that
may improve survival of chondrocytes in full thickness grafts are being developed employing
longer incubation times and lower sub-zero incubation temperatures for the final steps in
addition and removal of cryoprotectants to minimize the risks of cryoprotectant cytotoxicity
with longer incubation times. Alternative formulations, such as VVS442 [35] and 40% ethylene
glycol with 0.6M sucrose [8], which are less cytotoxic and that do not require the cumbersome
multistep addition and removal procedures employed with VS55 and VVS83 are also needed.
Further support for a vitrification approach to preservation of articular cartilage was recently
reported by Pegg et al. [23] in which cryoprotectants were added in a step-wise manner during
cryopreservation employing a 'liquidus-tracking' method that completely avoids the
crystallization of ice and does not require rapid warming.Very thin cartilage specimens (~1mm)
preserved in this way incorporated sulphate (3°S) into newly synthesized glycosaminoglycans
and approached 70% of that of fresh control cartilage. The author indicated that this process
is far from ideal [23] and application to thicker cartilage specimens is required to effectively
compare this method with the literature. Despite the warming rate advantage this method would
be difficult to perform routinely as an aseptic process for human cartilage preservation due to
the necessity of continuous addition of cryoprotectants during the cooling process [23],
although further research may prove this opinion wrong.

In contrast, the preservation technology presented here can be performed aseptically in a
manner similar to frozen products such as heart valves. The major technical limitations of this
vitrification strategy being the rapid warming rates and high cryoprotectant concentrations
required to prevent ice growth during re-warming. The duration of post-rewarming
cryoprotectant elution may also be stressful for orthopedic surgeons employing vitrified
cartilage for transplantation. Strategies to overcome these limitations are being developed.
Concern has previously been expressed regarding one of the vitrification formulation
components, formamide, being a potential mutagen [5]. This issue may require that vitrified
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tissue product labeling excludes implantation in pregnant women if formamide is employed.

St

udies of the collagen matrix have demonstrated better preservation in vitrified than in frozen

cryopreserved porcine articular cartilage [4]. Biomechanics studies of vitrified cartilage still
need to be performed.

Conclusions

A

more concentrated vitrification formulation was required for preservation of relatively

porcine articular cartilage compared with our earlier experience with rabbit articular cartilage.
Further process development employing the new VS83 formulation may enable the long-term
storage and transportation of full thickness living cartilage for surgical repair of human articular

Ssu

rfaces. This cartilage may be in the form of either osteochondral allografts or, prospectively,

tissue-engineered cartilage constructs.
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Figure 1.
Pig cartilage viability using alamarBlue. Cartilage in different sizes vitrified using VS55 and
compared with fresh controls. Data presented as the mean +1 standard error, n>6.
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Figure 2.
Cryosubstitution of thin size cartilage vitrified using VS55 (A & C) and VVS83 (B & D).
Magnification: A & B=X100; C=X12000; D=X10000.
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Table 1

Pig Cartilage Sample Size

Cartilage Size

Tissue Dimension

Thin Size Plug

6mm Diam. x 2mm Depth

Thick Size Plug

6mm Diam. x 4mm Depth

Full Size Plug

6mm Diam. x 6mm Depth
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