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Abstract: Objective: Osteochondral allografting is an effective method to treat large osteochondral
defects but difficulties in tissue preservation have significantly limited the application of this
technique. Successful cryopreservation of articular cartilage (AC) could improve the clinical
availability of osteochondral tissue and enhance clinical outcomes but cryopreservation of large
tissues is hampered by a lack of knowledge of permeation kinetics within these tissues. This study
describes the refinement and extension of a recently published technique to measure the
permeation kinetics of cryoprotectant agents (CPAs) within porcine AC.



Design: Dowels of porcine AC (10 mm diameter) were immersed in solutions containing 6.5 M
concentrations of four commonly used CPAs [dimethyl sulfoxide (Me2SO), propylene glycol (PG),
ethylene glycol (EG) and glycerol] for different times (1 second, 1, 2, 5, 10, 15, 30, 60, 120, 180
minutes, 24 hours) at three different temperatures (4, 22, and 37 [ C). The cartilage was isolated

and the amount of CPA within the matrix was determined.

Results: Diffusion coefficients (Me2SO =2.4 - 6.2 x 10-6 cm2/s; PG = 0.8 - 2.7 x 10-6 cm2/s; EG =
1.7 - 4.2 x 10-6 cm2/s; and glycerol = 0.8 - 2.4 x 10-6 cm2/s) and activation energies (Me2SO =
4.33 kcal/mol, PG = 6.29 kcal/mol, EG = 3.77 kcal/mol, and glycerol = 5.56 kcal/mol) were

determined for each CPA.

Conclusion: The results of this experiment provide accurate permeation kinetics of four commonly
used CPAs in porcine articular cartilage. This information will be useful for developing effective

vitrification protocols for cryopreservation of AC.
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Introduction

Large, focal articular cartilage (AC) defects greater than 1cm? result in joint degeneration with
subsequent osteoarthritis[ 1,2]. Current cartilage regeneration techniques are unable to reproduce
the complex architecture and consistent, successful long-term results are difficult to obtain.
Transplantation of fresh or frozen allografts has been successful but clinical use is limited by 1)
poor size and contour matching, 2) limited tissue availability, 3) possibility of infectious disease
transmission, and 4) difficult operative timing for the patient, surgical team and surgeon.
Successful cryopreservation of osteochondral tissue that maintains cell viability and matrix
structure can eliminate these limitations and enhance the long-term clinical results of allograft

transplantation for focal articular defects and possibly complete joint replacement.

Successful cryopreservation of biologic tissues has proven exceedingly difficult. Early attempts
using controlled-cooling and stepped-cooling procedures were successful with cells in
suspension and simple tissues but extension to more complex tissues such as AC has been
fraught with failures despite occasional marginal success.[3-7] The failure of traditional
cryopreservation techniques has resulted in investigations of vitrification for complex tissues

with improved recovery.[8]

To achieve vitrification at practical cooling rates in large (>1 cm) tissues, high concentrations of
cryoprotective agents (CPAs) are required. Unfortunately, these concentrations are toxic to the

chondrocytes that reside within the cartilage matrix.[9-11] Therefore, to minimize chondrocyte
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toxicity, we need to determine precise permeation kinetics of CPAs into AC matrix so that the

maximum amount of CPA permeation can be achieved with the minimum amount of exposure.

Recently we published a novel technique to measure dimethyl sulfoxide (DMSO) and propylene
glycol (PG) permeation into intact porcine AC.[12] The objective of the study presented herein
was to refine our technique and extend it to multiple CPAs in an effort to determine permeation
kinetics of suitable CPAs for the vitrification of AC. Specifically, we increased the number of
CPAs to four (DMSO, PG, ethylene glycol (EG), and glycerol) to provide a better idea of the
range of diffusion kinetics of these CPAs. In addition, we increased the number of measurement
time points with an emphasis on time points within the first hour as this is when the most rapid
permeation into the AC occurs. Finally, we incorporated a second weighing into the

experimental procedure to increase the accuracy of calculated quantities.
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Methods and Materials

Osteochondral dowels (OCD, 10 mm diameter full thickness AC on 5-10 mm bone base) were
harvested from the distal femoral condyles of sexually mature pigs of mixed gender. The pigs
were sacrificed for meat consumption by a local packing plant (Sturgeon Valley Pork, St. Albert,
AB, Canada). Porcine tissue was selected due to its similarity of thickness (2-4 mm) to human
knee AC. Up to six OCDs were taken from the weight-bearing portion of each femoral condyle
using a custom hand-held coring device and held at 4°C in 1x Dulbecco’s phosphate-buffered

saline (PBS) solution (pH 7.1) (Gibco Invitrogen, Carlsbad, CA).

Each OCD was assigned to one of four CPA treatment groups [DMSO, PG, EG, glycerol (all at
6.5M, in 1x PBS)] and one of 11 incubation times (1 second, 1, 2, 5, 10, 15, 30, 60, 120, 180
minutes, 24 hours), as well as one of three temperatures (4, 22, 37 °C). Each combination of

treatment, time, and temperature was repeated three times. In all, 396 OCDs were used.

The AC from each OCD was separated from the bone base by scalpel and the AC disc returned
to 1x PBS for 5 min, then blotted lightly using Kimwipes® tissue (Kimberly-Clark, Roswell,
GA) to remove excess fluid from the cartilage surface, weighed (W1), and immediately
immersed in 5 ml of CPA solution for the specified incubation time at the specified temperature.
After incubation, the disc was removed from the solution, blotted lightly and weighed for a
second time (W2). The cartilage disc was then placed into a 35 x 10 mm cell culture dish
(Corning Inc., Corning, NY) containing 4 mL of 1x PBS. The disc was ensured to be fully

immersed in the PBS and the dish was sealed with Parafilm® (American National Can, Chicago,
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IL) and held for 24 h at 22°C under dark conditions to allow the CPA within the AC disc to fully
equilibrate with the surrounding PBS solution. After 24 h, the CPA/PBS solution was mixed
using a pipettor and a 1 mL sample was taken into a 1.5 mL microcentrifuge tube (Thermo
Fisher Scientific, Waltham, MA). From this sample, 50 pL was placed into a FOSMETTE™

micro-osmometer (Precision Systems, Natick, MA) to determine its osmolality (Osm).

Calculations
As the measured osmolalities were quite low, the immersion solution can be considered ideal and

dilute.

The number of moles of CPA(ny) in the surrounding solution was calculated as:

[, —pgs ] (mosm/kg) x 4 mL X p*(g/mL)
1000(mosm/osm) X 1000(g/kg)

() n,(mole) =

where 7. = osmolality of the final solution, #p5; = osmolality of the initial PBS

solution, and p* = density of water at 22°C (0.99777 g/mL).

The total number of moles of CPA(ny) that had permeated into the cartilage is then given by:

(2) Meorar (mﬂlej =T, (mﬂ j’ej + MNinside cartilags (mﬂlej
Note: inside cartilage Was estimated to be negligible and was omitted from

the calculations.

The weight of the CPA was calculated as:
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() Wigpalg) = nppear(mole) X MW, ( " )
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The volume of CPA was then calculated as:

. Wegp 4(g)
4 Ve Y = ponsieyera (2)
(4) cpa(mL) Densitycpa f%}

Note: True (pure) densities for each CPA at corresponding temperatures were taken from

Aspen-HYSYS v. 2004.2 simulation software, using the PRSV fluid package.

The amount of water within isotonic cartilage was measured to be 77.6 + 0.5 % (S.E.) by mass in
our previous study.[12] Assuming a constant dry weight percentage of 22.4 %, the dry weight of

each AC disc was calculated as:
(5) Dry Weight(g) = W1(g) X 0.224

The volume of water in the AC disc after each treatment condition was calculated as:

_ W2(g) — {Dry Weight(g) + Wt p,(g)}
(6) Vivater in treated cartilage (ij -
) Gz
o

mL

Where p, the density of water, is 0.999973, 0.99777, and 0.99336 g/mL at 4, 22, and 37°C
respectively.

Finally, the concentration of CPA that penetrated the AC disc was calculated to be:
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m :j Neoeql Lmele)x 1000 {T}
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L Verpa ImE) ¥ Vyarer in created cartilage (mL)
Note that this is the solution concentration (i.e. moles per fluid volume in cartilage and not moles

per cartilage volume).

Statistical Analysis

CPA concentration comparisons between temperatures were performed at each time point and
were evaluated by one-way ANOVA with Bonferroni post-hoc multiple comparison tests using
STATA 9.2 (StataCorp, College Station, TX). The level of significance was set at P=0.02.
Ninety-five percent confidence interval limits of CPA concentration at each time point and

temperature were also determined using STATA 9.2.
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Results

The results for the four CPAs are shown on the graphs below (Figure 1). There were some
consistencies between all four CPAs. For example, in all CPAs tested there was an initial rapid
increase in CPA concentration within the cartilage matrix between 15-30 minutes after exposure.
This slowed down over the next 90-180 minutes with a gradually approach to the original
concentration of the surrounding solution. In all solutions, the early increase in CPA
concentration within the matrix was most rapid at 37 °C and least rapid at 4 °C although the final

concentrations were similar after 24 hours of exposure.

[Figure 1]

While permeation of individual CPAs was generally greater at higher temperatures at incubation
times of 1 hour or less, the differences were only statistically significant when comparing data at
4 °C and 37 °C, between incubation times of 5 — 15 minutes (Table 1). The exceptions were with
glycerol at 2 minutes and propylene glycol at 10 minutes which showed a significant difference
between 4 °C and 22 °C, and between 22 °C and 37 °C respectively. Furthermore, the CPA
concentration for all agents after 3 hour incubation at 37 °C was lower than that of the other two

temperatures (Table 1).

[Table 1]

Fitted data
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The geometry of the AC discs was approximated as a perfect cylinder with thickness and
diameter estimated at 2 mm and 10 mm respectively. Since the peripheral area of the disc (cut
edges) is not negligible compared to the top and bottom areas, and the disc of cartilage was
exposed to the solution on all sides, the numerical solution to the diffusion problem was

performed in 2-D (axial and radial dimensions).

Analytical solutions of Fick’s Second Law for diffusion into uniform discs are available in the
literature.[ 13] Skelland (1974) expressed the solution of the 2-D radial and axial diffusion in a
cylinder as the 1-D solution of diffusion in an infinite slab (axial) multiplied by the 1-D solution

of diffusion in a cylinder (radial), for which the solutions are available from Newman[14]:

Slab:
Coo — Ca 8 1 —D(2n+ 1)*x%t
Coo—Cr 1__22 2n+1)2 P 4a?
8) a0 =
Cylinder:
Cio— C 4w 1 .
S = g ), g P DHD)
9) A T “A = “n

Where €., , Cs C5, a and R are initial average concentration, average concentration after time ¢,
boundary condition concentration, half thickness of the axial dimension (if the slab is exposed
from both sides, or full thickness when slab is exposed only from one side), and radius of the

cylinder, respectively. D is the diffusion coefficient and b,’s are the roots of the zero-order
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Bessel function of the first kind, J,(b,) = 0. Representing the right hand side of the equations
above with f{slab) and f{cylinder), the 2-D average concentration increase in discs over time can

be expressed as:

Cyp—C
“m—‘i = f(slab) x f(cyvlinder)
(10) Cao — C4

8« 1 —D(2n +1)*n%t
= 1——,,2—,,&:(;: *
2 _n[2n+1]‘ 4a

B

1 4i1 (—DbZt)

— —expl—Db,

R? 1b; P "
o=

The initial concentration of CPA in the tissue, C .4, was taken to be zero and the diffusion
coefficient, D, was considered constant throughout the cartilage. As can be seen in Figure 1, the
increase in concentration reached a plateau at 24 hr, which was different from the bath solution
concentration; hence, the boundary conditions % were represented by the value of concentration
at the final time point, i.e. 24 hr. For comparison, the same calculation was made using 6.5 M as
the boundary condition, i.e. €% =6.5 M. The value of D was found that minimized the sum of
squared errors between the model prediction and the experimental data of Figure 1. The best fits

for D are reported in table 2 as the diffusion coefficients.
[Table 2]

Arrhenius plots
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The temperature dependencies of the diffusion coefficients for the four CPAs are shown in Fig.
2, where the natural logarithm of fitted D values is plotted against the inverse of temperature.

The Arrhenius equation describes the temperature dependence of diffusion coefficient as:

(11) D = Aexp (_;f_;)

Where E, is the activation energy, R is the universal gas constant and A4 is the prefactor (DMSO
=6.21581x 10, EG = 6.21581 x 10", Gly = 6.21581 x 10”7, PG = 7.30465 x 10™°). The
activation energies were calculated based on the best fitted line to the three data points and were:
Ea, pmso = 4.3 £ 1.9 kcal/mol, E, pg = 6.29 £ 0.02 kcal/mol, E, g = 3.8 £ 0.7 kcal/mol, E, Giycerol

= 5.6 = 1.2 kcal/mol (based on the 24-hour boundary condition).

[Figure 2]

10
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Discussion

Successful vitrification of AC may be possible using combinations of CPAs as demonstrated in
other tissues such as embryos.[15,16] Unfortunately, until precise permeation kinetics of each
CPA are known, the time of exposure to achieve adequate permeation to ensure vitrification will
be an estimation that may exacerbate the toxic effects of each CPA or alternatively compromise

vitrification effectiveness.

The results of this experiment provide the diffusion coefficients of four commonly used CPAs in
porcine AC (DMSO, EG, PG, glycerol). The diffusion coefficients for DMSO and PG
determined in this experiment were extremely close to those in our previous experiment|[12]
(DMSO =2.4 - 6.2 x 10 cm?/s compared to 2.0 — 3.5 x 10 cm?/s; PG = 0.8 — 2.7 x 10 cm?/s
compared to 0.63 — 1.8 x 10 cm?/s depending on temperature). Our results are also consistent
with coefficients published by other groups for DMSO and glycerol.[17,18] We are confident
with our results because this experiment is an improvement to our previously published
technique[12] by increasing the number of recorded early time points during the rapid
permeation phase and by taking a second weight to account for weight changes during the

process caused by water movement.

Subsequent to determining accurate diffusion coefficients, we calculated activation energies for
each CPA. These values were marginally higher than reported in our previous work[12] (DMSO
= 4.33 kcal/mol and PG = 6.29 kcal/mol compared to previous results of DMSO = 1.52 kcal/mol

and PG = 2.43 kcal/mol). This difference is likely due to the increased accuracy of our new

11
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technique with more time points in the early rapid phase of CPA permeation and the inclusion of
a second weight measurement. The activation energies presented here are higher than those
reported by Muldrew[19] (0.95 kcal/mol) but those results were obtained using only two
temperature values. The current results indicate slightly more temperature dependence of
permeation than previously found. Knowledge of the activation energy for each CPA will enable
prediction of permeation rates at any temperature thereby enhancing mathematical modeling of

vitrification protocols.

Vitrification of AC has proven exceedingly difficult because high concentrations of CPAs are
required and human tissues can not be cooled and warmed rapidly enough to use nontoxic
concentrations. To overcome this, combinations of CPA have been used to vitrify other tissues as
well as AC with moderate success.[20-25] These advances have come using empirical testing
without statistical and mathematical methodology to facilitate efficient protocol optimization.
This study was designed to establish fundamental parameters on permeation kinetics that can be
used to scientifically develop vitrification protocols to effectively preserve AC. In conclusion,
this study has provided accurate permeation kinetics for DMSO, EG, PG, and glycerol that can

be used for mathematical modeling of vitrification protocols.

12
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357  Figure 1: Four graphs demonstrating permeation for DMSO, PG, EG, glycerol at three different
358  temperatures over time. Each graph shows all data for each temperature as well as an inset graph

359  for the first 60 minutes of exposure to illustrate the permeation rate during the steepest part of the

360  CPA uptake.
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380  Table 1. Concentration of individual CPAs in articular cartilage at each time point and temperature
381  level. Superscripts a-r denote 18 comparisons that yielded statistical significance by one-way

382  ANOVA with Bonferroni Multiple Comparison Test, P < 0.02.

CPA DMSO (M) PG (M) EG (M) Glycerol (M)
(*95%C.L) (*95%C.L) (*95% C.I) *95%C.L)

Temp 4°C 22°C  37°C 4°C 22°C 37°C 4°C 22°C  37°C 4°C 22°C 37°C

Exposure

Time

1 sec. 0 0 0 0 0 0 0 0 0 0 0 0

1 min. 0.64 0.98 0.33 0.33 0.55 0.81 0.40 1.23 1.01 0.51 0.49 0.83

(038)  (1.16) (1.40) (0.19)  (0.36) (0.78) (0.49) (1.98) (0.54) 0.23)  (0.29) (0.41)

2 min. 1.35 1.68 1.99 0.64 0.94 1.56 1.13 1.21 1.48 0.60' 1.35" 1.13

(0.66) (1.19)  (0.89) (0.38) (0.82) (1.59) (0.05) (0.96) (0.75) 0.59)  (0.55) (0.24)

5 min. 2.06" 257  3.33% 1.09 2.39 2.16 1.89 2.25 2.75 1.54™ 199  2.54"

(0.58) (0.74) (1.52) (129) (2.94) (0.87) (034) (1.62) (1.14) (039)  (0.60) (0.50)

10 min. 327° 380 4.96° 1.949  2.65° 4.03% 2780 3.16  4.56 155" 3.08  3.39"

(1.05) (1.75) (0.78) (0.40) (0.84) (1.13) (2.00) (0.30) (1.13) 0.50) (1.42) (1.37)

15 min. 403 490 499 2110 347 412! 378 434 477 229° 385  4.17°

(0.50) (1.01) (0.91) (2.18) (1.80) (0.49) (031) (2.49) (1.41) (0.98) (0.26) (2.05)

30 min. 5.92 5.47 5.80 4.34 4.98 5.03 4.95 5.38 5.67 3.85 4.64 5.43

0.16) (0.71) (0.21) (191) (1.47) (0.76) 0.70)  (0.52) (1.18) (1.05) (0.61) (1.79)

60 min. 6.28 6.05 5.78 4.74 5.65 5.45 5.86 5.82 5.59 499" 6.08 6.16

(1.00) (0.26) (0.28) (144)  (0.52) (0.15) (1.08) (0.21) (0.40) (1.01) (1.06) (0.31)

120 min. 6.09 5.97 5.85 6.18 5.81 5.53 5.91 6.07 5.81 6.41 6.42 6.42

0.17)  (0.58) (0.37) (1.83)  (0.15) (0.39) (0.55)  (0.36) (0.55) (0.78)  (0.45) (0.67)

180 min. 6.26°  6.23 5.62° 6.22¢ 582 5.44¢ 629 597 5.66° 6.38 6.49 6.30

0.68) (0.31) (0.29) (0.48) (0.07) (0.29) 0.23) (0.28) (0.21) (520)  (0.09) (0.38)

24 h 637 647 586 6.18" 599 563" 6.21 6.18  6.08 7.27% 6519 6.59°

(0.77)  (1.98) (0.28) (0.33)  (0.56) (0.19) (030) (0.26) (0.63) (1.12)  (0.39) (0.28)
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384  Table 2. Diffusion coefficients (x 107'° m%/s or 10 cm?/s)

385

386 6.5 M boundary condition 24 hr conc. boundary condition
387 4°C 22°C 37°C 4°C 22°C 37°C
388 DMSO 24 3.0 45 26 3.1 6.2
380 EG 1.7 23 34 20 27 42
390 GLY 1.0 1.8 24 0.8 1.8 23
391 PG 0.9 1.6 22 0.8 1.6 2.7
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407  Figure 2. Arrhenius plot showing the temperature dependence of the diffusion coefficients for

408 each CPA.
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