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A B S T R A C T   

Osteochondral allograft transplantation can treat full thickness cartilage and bone lesions in the knee and other 
joints, but the lack of widespread articular cartilage banking limits the quantity of cartilage available for size and 
contour matching. To address the limited availability of cartilage, vitrification can be used to store harvested 
joint tissues indefinitely. Our group’s reported vitrification protocol [Biomaterials 33 (2012) 6061–6068] takes 
9.5 h to load cryoprotectants into intact articular cartilage on bone and achieves high cell viability, but further 
optimization is needed to shorten this protocol for clinical use. Herein, we use engineering models to calculate 
the spatial and temporal distributions of cryoprotectant concentration, solution vitrifiability, and freezing point 
for each step of the 9.5-h protocol. We then incorporate the following major design choices for developing a new 
shorter protocol: (i) all cryoprotectant loading solution concentrations are reduced, (ii) glycerol is removed as a 
cryoprotectant, and (iii) an equilibration step is introduced to flatten the final cryoprotectant concentration 
profiles. We also use a new criterion—the spatially and temporally resolved prediction of solution vitri-
fiability—to assess whether a protocol will be successful instead of requiring that each cryoprotectant individ-
ually reaches a certain concentration. A total cryoprotectant loading time of 7 h is targeted, and our new 7-h 
protocol is predicted to achieve a level of vitrifiability comparable to the proven 9.5-h protocol throughout 
the cartilage thickness.   

1. Introduction 

Damage to articular cartilage in any joint can lead to osteoarthritis, a 
disease characterized by chronic pain, stiffness, and reduction of 
mobility [45]. Cartilage is made up of cells known as chondrocytes 
located within an extracellular collagen matrix that mainly holds pro-
teoglycans and water, and given that it is avascular and aneural, carti-
lage has a limited ability to repair itself if damaged [31,47]. Focal 
cartilage lesions can lead to generalized joint deterioration and even-
tually global osteoarthritis. Prevention of lesion extension is difficult 
because of the limited ability of cartilage to heal itself. Osteochondral 
allograft transplantation, where a donor’s bone and cartilage is trans-
planted into a recipient to restore cartilage function, is one established 
method that can treat small and large cartilage (plus bone) defects [12, 
14,27,37]. Osteochondral allografting is particularly beneficial for 

young patients whose joints are more likely to deteriorate and require a 
metal joint prosthesis that would not last beyond their lifetime [17,20, 
28,36,43]. 

While its clinical success has been demonstrated [12,27,31,37], 
osteochondral allograft transplantation may not always be possible 
because of the limited availability of allografts and challenges in size 
and contour matching [11,14]. Fresh allograft transplantation is logis-
tically challenging because infectious disease testing and precise fitting 
(for contour, size, and position) has to take place between harvest and 
transplantation [11,12,15,52], and the additional time needed to 
perform these steps compromises chondrocyte viability. The timeframe 
available for testing and matching can be extended by storing allografts 
at 4 �C, but chondrocyte viability deteriorates after 14 days under hy-
pothermic storage in culture media [7]. A long-term storage technique is 
needed to maintain cartilage allografts and chondrocyte viability, allow 
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for necessary testing and matching to occur, and facilitate allograft 
availability for future transplantation. 

Vitrification is a promising method for storing cartilage for extended 
periods of time [3,33,38]. This method consists of loading high con-
centrations of cryoprotectants into a cell or tissue that depress the 
freezing point to such an extent that damaging ice formation is avoided 
while an amorphous solid is formed when the cell or tissue is cooled 
rapidly enough past its glass transition temperature [56]. Common 
permeating cryoprotectants used in vitrification include dimethyl sulf-
oxide (Me2SO), glycerol, ethylene glycol (EG), propylene glycol (PG), 
and formamide [25,38], and their selection depends on the type of tissue 
as well as interactions between the cryoprotectant and the tissue. In the 
design of cryoprotectant loading protocols for vitrification, three 
important variables need to be quantified: cryoprotectant permeation, 
vitrifiability, and toxicity [9,22,24,33]. Sufficiently high levels of 
cryoprotectant permeation [4,34] and cryoprotectant vitrifiability [55] 
are needed to ensure that an amorphous state is achieved at the cooling 
rate attainable when a sample is plunged into liquid nitrogen, while 
sufficiently low levels of cryoprotectant toxicity [19,21,35] are simul-
taneously needed to avoid damage to the cells from the cryoprotectants 
themselves. Toxicity can be mitigated by using multiple cryoprotectants 
instead of a single cryoprotectant at the same total concentration [6,13, 
23] and by loading cryoprotectants at lower temperatures because 
toxicity decreases with temperature [19,40]. These observations about 
toxicity motivate the design of liquidus tracking methods for loading 
multiple cryoprotectants in tissue in a step-wise manner for vitrification 
[3,10,26,46,53,54]. 

The systematic design of cryoprotectant loading protocols for artic-
ular cartilage can be aided by using engineering models of cryoprotec-
tant permeation, vitrifiability, and freezing point of multi- 
cryoprotectant solutions. Fick’s law is an empirical, ideal model of 
cryoprotectant diffusion that has been used to gain insight into the ki-
netics of cryoprotectant loading and removal [4,34,41,44,50], but it 
ignores water movement. Building on the biomechanical triphasic 
model of articular cartilage developed by Lai et al. [39] and Gu et al. 
[29], Zhang and Pegg [49] proposed the inclusion of cryoprotectants in 
the triphasic model, making the simplifying assumptions that the cryo-
protectants were ideal and dilute. To account for the actual nonideality 
of high cryoprotectant concentrations, a modified triphasic model was 
developed by Abazari et al. [1,5] to predict cryoprotectant permeation 
and water movement into and out of articular cartilage as a function of 
time and position in the cartilage. The modified triphasic model was 
compared to predictions calculated using Fick’s law of diffusion in 
1-dimension, and it was shown that Fick’s law underestimates the pre-
dictions of the triphasic model [2]. However, if the cryoprotectant and 
cartilage properties needed to implement the triphasic model are un-
known, Fick’s law can be used instead for conservative protocol design 
[50]. Recently, the 2-dimensional form of Fick’s law was used to predict 
the spatial and temporal distribution of cryoprotectants in human 
cartilage dowels during loading and efflux experiments, and the equi-
librium efflux predictions agreed with experimental measurements 
within 15% (cryoprotectant diffusion coefficients in porcine cartilage 
were used as approximations of those in human cartilage) [50]. This 
agreement is in part due to the fact that effective diffusion coefficients 
were used, which were obtained by fitting Fick’s law to real, nonideal 
experimental data [4,34]. The toxicity of common cryoprotectants in 
porcine [19,35] and human [6] articular cartilage has been measured as 
a function of temperature and time of exposure, and theoretical models 
have been developed to describe these toxicity trends [19,21,35] and to 
design toxicity-optimal procedures for loading cryoprotectants using a 
mathematical toxicity cost function [8]. Weiss et al. used logistic 
regression to develop a statistical model for predicting the vitrifiability 
and glass stability of large volume (5 mL) multi-cryoprotectant solutions 
containing Me2SO, glycerol, PG, EG, and formamide, and the proposed 
vitrifiability model accurately described all experimentally studied so-
lutions [55]. To design a liquidus tracking protocol, the freezing point of 

the cryoprotectant solution can be calculated using the multi-solute 
osmotic virial equation [18,48,58] that accounts for the nonideality of 
highly concentrated cryoprotectant solutions more accurately than 
ideal-dilute models [48,58]. 

By considering the previous work in quantifying cryoprotectant 
permeation, vitrifiability, and toxicity, a successful 9.5-h loading pro-
tocol for dowels of articular cartilage attached to bone reported by 
Jomha et al. achieved high cell viability after vitrification and warming 
[33]. Cartilage dowels were placed sequentially in four cryoprotectant 
solutions containing Me2SO, glycerol, PG, and EG at different concen-
trations, temperatures, and times of exposure selected to attain a mini-
mum total cryoprotectant concentration of 6.5 M at the bone–cartilage 
junction necessary for vitrification (see Table 1 for details). To facilitate 
the implementation of vitrification for the long-term storage of articular 
cartilage in tissue banks, shortening and optimization of loading pro-
tocols is required. Each step of the loading protocol reported in Jomha 
et al. [33] was modeled using Fick’s law to lend insight into the dynamic 
process of diffusion [50], and it was proposed that the 9.5-h protocol 
could be completed in 7 h while still attaining the same minimum 
concentration of each cryoprotectant for a total of 6.5 M in a cartilage 
sample with 2-mm thickness [50]. In that hypothetical 7-h protocol, 
three loading steps with the cryoprotectant solutions as listed in steps 
2–4 in Table 1 were proposed with times and temperatures of 210 min at 
0 �C for step 2, 90 min at � 7 �C for step 3, and 120 min at � 10 �C for step 
4. 

The criterion for designing the 9.5-h protocol [33] and the hypo-
thetical 7-h protocol [50] was the attainment of a minimum concen-
tration of each individual cryoprotectant by the end of the loading 
protocol, but these individual concentrations are, together, only one 
possible combination out of an infinite number of vitrifiable cryopro-
tectant concentrations. Additionally, the spatial distribution of cryo-
protectant concentration was not uniform throughout the cartilage 
thickness for these protocols, with unnecessarily high concentrations 
close to the cartilage–solution boundary. In the present study, we 
instead adopt a new criterion: the predicted vitrifiability of the cryo-
protectant solution throughout the cartilage thickness must exceed a 
certain threshold. This new criterion can be used to screen a greater 
number of potential cryoprotectant types and concentrations. We also 
introduce a final equilibration step to create a more uniform spatial 
distribution of cryoprotectant. Implementing a vitrifiability criterion 
and an equilibration step allows us to design a new protocol predicted to 
have lower toxicity. 

The objectives of the present work are: (a) to calculate the expected 
spatial and temporal distribution of vitrifiability for each step of the 
proven 9.5-h protocol [33]; (b) to design a new 7-h protocol that is 
predicted to have a similar level of vitrifiability to the 9.5-h protocol 
while reducing cryoprotectant toxicity; (c) to highlight the importance 
of correctly accounting for the nonideality and non-dilute nature of 
vitrifiable cryoprotectant solutions when calculating their freezing 
points; and (d) using the vitrifiability criterion, to explain why a mini-
mally vitrifiable 5-h protocol reported in the literature was unsuccessful 
when performed experimentally [57]. 

Table 1 
Cryoprotectant concentrations, times, and temperatures for each step of the 
successful 9.5-h protocol [33].   

Concentrations Time Temperature 

Step 1 6 M Me2SO 90 min 0 �C 
Step 2 2.4375 M Me2SO 

6 M glycerol 
220 min 0 �C 

Step 3 2.4375 M Me2SO 
1.625 M glycerol 
6 M PG 

180 min � 10 �C 

Step 4 2.4375 M Me2SO 
1.625 M glycerol 
0.8125 M PG 
6 M EG 

80 min � 15 �C  
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2. Governing equations 

Fig. 1 illustrates the slab geometry of cartilage with a thickness of 2 
mm attached to bone placed in a cryoprotectant solution. A 2-mm 
thickness was selected as a representative value of actual human 
femoral cartilage thicknesses that can range between 1.65 mm and 2.98 
mm [50,51]. The surface area of chondral and osteochondral defects can 
be between 0.5 cm2 and 12 cm2 [30], so entire condyles would need to 
be banked to permit precise sizing and matching when transplantation is 
needed. For a condyle, the surface area available for diffusion is much 
greater from the top surface than from the sides. Therefore, for our 
calculations, we assume that diffusion occurs only in the axial (x) di-
rection so that the designed loading protocol can be used for cartilage 
covering a whole condyle. 

2.1. Permeation 

Fick’s law of diffusion is used for each cryoprotectant, and for 1- 
dimensional diffusion it is given by 

∂C
∂t
¼D

∂2C
∂x2 (1)  

where C is the molar concentration of the cryoprotectant, x is the axial 
position in the cartilage, t is the time, and D is the diffusion coefficient of 
the cryoprotectant given by the Arrhenius expression [4,34]: 

D¼A exp
�

�
Ea

RT

�

(2)  

where R is the universal gas constant, T is the absolute temperature, A is 
a prefactor, and Ea is the activation energy. Each cryoprotectant has a 
different A and Ea when diffusing into articular cartilage, values of 
which were determined from measurements on porcine articular carti-
lage and are summarized in Table 2 [4,34]. We note that Fick’s law is 
inherently ideal and cannot directly describe water movement and the 
associated swelling and shrinking of the articular cartilage. However, 
when effective diffusion coefficients are determined by fitting to 
experimental data of actual cryoprotectant diffusion, this fitting 
empirically captures the net effect of water transport and solution 
nonideality on the expected cryoprotectant concentration in the carti-
lage. It was shown by Shardt et al. [50] that empirically-obtained 
effective porcine diffusion coefficients, when substituted into Fick’s 
law, could be used to approximate diffusion in human articular cartilage 
dowels. Additionally, the permeation of multiple cryoprotectants could 
be approximated by separately calculating the permeation of each 

individual component (interactions between cryoprotectants during 
diffusion do not seem to be significant). 

2.1.1. Initial conditions and boundary conditions 
To solve Equation (1), initial and boundary conditions need to be 

defined. For the first step of a loading protocol (at t ¼ 0), there are no 
cryoprotectants in the cartilage. That is, the initial condition is given by 

Cð0 < x < 2 mm; t ¼ 0Þ ¼ 0 (3) 

For each subsequent step of the loading protocol, the initial condition 
for each cryoprotectant is its concentration profile at the end of the 
previous step. 

Two boundary conditions are defined as follows. The first is that the 
concentration of each cryoprotectant at the solution–cartilage boundary 
equals that in the surrounding solution and is constant with time in each 
loading solution: 

Cðx ¼ 2 mm; tÞ ¼ Csolution (4) 

The second boundary condition is at the bone–cartilage boundary 
where we assume that there is no flow of cryoprotectant. Mathemati-
cally, this can be expressed as 

∂C
∂x
ðx ¼ 0 mm; tÞ ¼ 0 (5) 

Given these initial and boundary conditions, Equation (1) is solved 
using the built-in partial differential equation solver pdepe() in Matlab 
2018a (Natick, MA, USA). 

2.2. Vitrifiability 

Based on the concentration distribution calculated by Fick’s law, 
predictions of vitrifiability can be calculated as a function of axial 

Fig. 1. Schematic of cartilage (thickness ¼ 2 mm) attached to bone in a 
cryoprotectant solution. 

Table 2 
Coefficients for use in the Arrhenius expression (Equation (2)) [4] of each 
cryoprotectant considered in the present study.   

A (m2/s)  Ea(kcal/mol)  

Me2SO 2.9895 � 10� 7 3.9 � 1.6 
Glycerol 2.0803 � 10� 6 5.6 � 1.2 
PG 1.6971 � 10� 5 6.63 � 0.04 
EG 1.833 � 10� 7 3.8 � 0.7  

Table 3 
Scoring of the ordinal model of vitrifiability [55].  

Ordinal Score Description 

0 No vitrification 
1 Complete devitrification 
2 Partial devitrification 
3 Devitrification at edges 
4 No devitrification  

Table 4 
Thresholds (α) and coefficients (β) for the ordinal 
model of vitrifiability [55].  

Parameter Estimate 

α1  167.6 � 29.2 
α2  184.0 � 31.5 
α3  186.8 � 31.8 
α4  190.5 � 32.0 
βPG  57.1 � 10.6 
βGlyc  45.9 � 8.6 
βEG  39.9 � 8.0 
βMe2 SO  36.4 � 6.7 
βPG Glyc  � 7.0 � 1.4 
βPG EG  � 5.9 � 1.3 
βMe2 SO PG  � 5.9 � 1.2 
βEG Glyc  � 5.0 � 1.1 
βMe2 SO Glyc  � 4.3 � 0.9 
βPG PG  � 4.1 � 0.9 
βMe2 SO EG  � 3.7 � 0.9 
βGlyc Glyc  � 2.9 � 0.7 
βEG EG  � 2.3 � 0.6 
βMe2 SO Me2 SO  � 1.4 � 0.4  
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position in the cartilage. The vitrifiability of a cryoprotectant solution is 
not only a function of its composition, but also of its volume and the 
cooling rate it undergoes. To develop a statistical model for the vitrifi-
ability of solutions at volumes and cooling rates commonly used in 
vitrification protocols, Weiss et al. [55] prepared 164 different 
multi-cryoprotectant saline solutions with total cryoprotectant concen-
trations between 6 M and 9 M, transferred 5 mL of the solutions to 10 mL 
polypropylene tubes, and plunged the tubes into liquid nitrogen (cooling 
rate of approximately 60 K/min [32,55]). After 30 min in liquid nitro-
gen, the solutions were removed, immersed in a water bath at 37 �C until 
completely liquefied, and an ordinal score to describe vitrifiability and 
stability was assigned by visual inspection (scores of 0–4 corresponding 
to a range of outcomes between no vitrification to no devitrification, as 
described in Table 3). 

For the cryoprotectant solutions studied by Weiss et al. [55] to reach 
a certain ordinal score, the numerical value calculated using the 
following equation must exceed increasingly higher threshold values αn 
(Table 4) [55]: 

Xp

i¼1

h
βiCiþ

Xi

j¼1
βijCiCj

i
� jαnj   (6)  

where βi is the coefficient for cryoprotectant i, βij are coefficients of the 
interaction terms between all combinations of two cryoprotectants 
(including self-interactions), as summarized in Table 4 [55], Ci is the 

molar concentration of cryoprotectant i (mol/L), and p is the number of 
cryoprotectants present in solution. All coefficients βi and βij were 
calculated using proportional-odds logistic regression applied to the 
experimentally determined ordinal scores of multi-cryoprotectant solu-
tions, and the listed coefficients are only valid for predicting the vitri-
fiability of 5 mL solutions in 10 mL polypropylene tubes cooled at ~60 
K/min or other solutions under equally, or more, favorable conditions 
(e.g., smaller volumes or higher cooling rates). 

2.3. Freezing point 

Given the concentration profiles calculated by Fick’s law, we 
calculate the freezing point at each location throughout the cartilage 
thickness. The freezing point of an aqueous solution is given by [18,48, 
58]: 

T0
FP � TFP¼

�
W1
��

s0L
1 � s0S

1
��

RT0
FPπ

1þ ½W1=ðs0L
1 � s0S

1 Þ�Rπ
(7)  

where T0
FP is the freezing point of water (273.15 K), TFP is the freezing 

point (K) of the solution with an osmolality of π (osmol/kg solvent), W1 

is the molar mass of water (0.01802 kg/mol), and s0L
1 � s0S

1 is the dif-
ference between the molar entropy of pure liquid water and of pure solid 
water at T0

FP (s0L
1 � s0S

1 ¼ 22.00 J/mol K). The osmolality of the solution is 
calculated using the multi-solute osmotic virial equation [18,48] based 
on the fitting coefficients reported by Zielinski et al. [58] for Me2SO, 
glycerol, PG, and EG. For these cryoprotectants, the second order virial 
coefficients are sufficient to accurately calculate osmolality, and the 
following equation is used to calculate solution osmolality in this study: 

π ¼
Xr

i ¼ 2
kimi þ

Xr

i ¼ 2

Xr

j ¼ 2

Bi þ Bj

2
kimikjmj (8)  

where mi is the molality (mol/kg solvent) of the (i � 1)th cryoprotectant, 
k is the dissociation constant, and B is the second osmotic virial 

Table 5 
Coefficients for use in the multi-solute osmotic virial equation (Equation (8)) 
[58] and the molar volume [16] of each cryoprotectant considered in the present 
study.   

k  B (molal¡1)  Vm(L/mol)  

Me2SO 1 0.108 � 0.005 0.0709 
Glycerol 1 0.023 � 0.001 0.0731 
PG 1 0.039 � 0.001 0.0735 
EG 1 0.020 � 0.001 0.0559 
NaCl 1.678 0.044 � 0.002 –  

Fig. 2. (a)–(d) Spatial distribution of cryoprotectant concentration (solid lines; blue is Me2SO, green is glycerol, red is PG, and black is EG; left y-axis) and freezing 
point (dashed line, light blue; right y-axis) in a 2-mm thick cartilage sample at the end of each step of the 9.5-h loading protocol, the details of which are summarized 
in Table 1. (e)–(h) Spatial distribution of vitrifiability (black solid line) at the end of each loading step with vitrifiability thresholds illustrated by dotted horizontal 
lines (blue is α1, red is α2, yellow is α3, and purple is α4). Concentration is calculated using Equations (1)–(5), freezing point is calculated using the nonideal equations 
(Equation (7)–(9)), and vitrifiability is calculated using Equation (6). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

N. Shardt et al.                                                                                                                                                                                                                                  



Cryobiology 92 (2020) 180–188

184

coefficient for each of the r � 2 cryoprotectants present in solution, as 
listed in Table 5 [58]. The summations start from an index of 2 because 
water is defined as component 1 in Equation (7) by convention. The (r �
1)th solute in the intracellular solution is NaCl at a molality of mNaCl �

176 mmol/kg (isotonic salt concentration). The molality of each cryo-
protectant is determined from its molar concentration using the 
following equation: 

mi ¼

�

1000 L
m3

�

Ci

ρ1

h
1 �

Pr� 1
i ¼ 2CiVm;i

i (9)  

where ρ1 is the density of water (998 kg/m3 at 22 �C [42]) and Vm;i is the 
molar volume of each cryoprotectant (L/mol) calculated at 22 �C from 
the DIPPR 801 database [16], as listed in Table 5. Equation (9) assumes 
that the volume of mixing is negligible and that the volume of NaCl and 
other minute additives is negligible compared to the volumes of cryo-
protectants and water. Instead of Equation (9), previous work [50] used 
the conversion mi ¼ ð1000ÞCi=ðρ1½1 � CiVm;i�Þ, which is only accurate 
for single-solute solutions. 

To highlight the importance of using Equations (7)–(9), we also 
compute the freezing point with the assumption of an ideal-dilute so-
lution. If we make such an incorrect assumption (indicated by * in 
equations) for a highly-concentrated cryoprotectant solution, the 
molality of each cryoprotectant is related to the molar concentration by 
the following expression 

m*
i ¼

�

1000
L

m3

�
Ci

ρ1
(10) 

The osmolality of an ideal dilute solution is calculated by 

π* ¼
Xr

i ¼ 2
mi ¼

Xr

i ¼ 2

�

1000
L

m3

�
Ci

ρ1
(11)  

and a linearized form of the equation for the freezing point of a cryo-
protectant solution is used [48,58]: 

T0
FP � T*

FP ¼ 1:86π (12)  

where π is calculated using Equation (11) to yield: 

T0
FP � T*

FP¼ 1:86
Xr

i¼2

�

1000
L

m3

�
Ci

ρ1
(13)  

3. Results and discussion 

3.1. Spatial distribution of vitrifiability for the 9.5-h protocol 

Fig. 2 illustrates the calculated spatial distribution of cryoprotectant 
concentration, freezing point, and ordinal vitrifiability at the end of each 
loading step of the 9.5-h protocol. The solid lines in (a)–(d) illustrate the 
concentration profiles as calculated by Fick’s law (Equation (1) with 
boundary conditions defined by Equations (4) and (5) and diffusion 
coefficients from Equation (2) with the Arrhenius parameters listed in 
Table 2). Based on these concentration profiles, the freezing point at 
each location in the cartilage thickness is calculated assuming nonideal 
solution behavior (Equation (7)–(9) with parameters from Table 5), and 
the spatial distribution of freezing point is plotted with a dashed line for 
each loading step. The vitrifiability profiles (black lines in (e)–(h)) are 
calculated using Equation (6) with the coefficients obtained by Weiss 
et al. [55] listed in Table 4. The dotted horizontal lines in figures (e)–(h) 
represent the four thresholds (αi) of increasing ordinal vitrifiability [55]. 
At the end of the first step, none of the cartilage has reached a vitrifiable 
cryoprotectant concentration, but by the end of the last step, the level of 
vitrifiability exceeds the threshold α1 throughout the thickness of the 
cartilage. 

3.2. Spatial distribution of vitrifiability for the new 7-h protocol 

To shorten the 9.5-h protocol and reduce toxicity, we incorporate the 
following five design choices to create a 7-h protocol with 3 loading 
steps. First, since the toxicity of cryoprotectants decreases as concen-
tration decreases, each cryoprotectant’s concentration in the loading 
solutions is lowered from 6 M to a maximum of 3 M (cryoprotectant 
mixtures at a total concentration of 3 M are associated with low toxicity 
at a temperature of 37 �C [35], and toxicity decreases with temperature, 
so loading at temperatures near the solution’s freezing point will further 
decrease toxicity). Second, we note that glycerol and PG have similar 
diffusion rates into articular cartilage, and both diffuse much slower 
than Me2SO and EG [34]. PG individually contributes more to the vit-
rifiability of a solution than glycerol (Table 4), so PG is kept as a cryo-
protectant and glycerol is removed to help shorten the overall time 
needed to load cryoprotectants while maintaining high vitrifiability. 
Glycerol was also found to be the most toxic to full-thickness articular 
cartilage [21] possibly because of added dehydration stress [5]; thus, 
removing glycerol will reduce the overall toxicity of the cryoprotectant 
loading protocol. Third, since Me2SO permeates the fastest, it can be 
loaded simultaneously with EG in a single step (an approach used by 
Shardt et al. [50]), and the first loading step of the 9.5-h protocol is 
removed entirely. Fourth, since PG is more toxic than Me2SO or EG, it 
should be loaded in the second step at a lower temperature to mitigate 
its toxicity (made possible by the depression in freezing point from the 
addition of Me2SO and EG in the first step). Fifth, the purpose of a third 
loading step is to flatten out the concentration profile of PG so that cells 
closer to the solution are not exposed to unnecessarily high concentra-
tions of toxic PG during the time needed for rewarming the solution from 
the temperature of liquid nitrogen. As the PG concentration profile 
flattens, the concentration of the other cryoprotectants continues to 
increase as the solution concentration of each other cryoprotectant is 
maintained at 3 M in this third step. We set the concentration of PG in 
the third loading step to 2 M and allow some time for equilibration. 
Taken together, the five design choices above yield the following cryo-
protectant concentrations for each loading step: the 1st loading step has 
3 M Me2SO and 3 M EG; the 2nd loading step has 3 M Me2SO, 3 M EG, 
and 3 M PG; and the 3rd loading step has 3 M Me2SO, 3 M EG, and 2 M 
PG. 

The times and temperatures of the 3 loading steps are modified until 
the following conditions are met for all positions 0 < x < 2 mm in the 
cartilage: (a) the vitrifiability as calculated by Equation (6) must exceed 
at least the threshold α1, and (b) the temperature of each loading step 
must be greater than the freezing point as calculated at the end of the 
previous step. We impose a limit of 7 h on the total time of the loading 
protocol. 

Since just two of the cryoprotectants (Me2SO and EG) are loaded in 
the first step, the length of this step should only be long enough to allow 
sufficient permeation for the freezing point at the bone to reach less than 
� 5 �C. A time of 90 min for the first loading step fulfills this requirement. 
Then, all three cryoprotectants can permeate into the cartilage during 
the second loading step at a temperature of � 5 �C. The freezing point 
will be depressed further as the concentration of each cryoprotectant 
increases throughout the cartilage thickness, allowing for the third 
loading step to take place at � 10 �C. 

Given a total loading time of 7 h (420 min) and a first loading step 
time of 90 min, the remaining 330 min can be split between the second 
and third loading steps. There are two extremes for splitting the 330 
min. The longer the second step is, the more cryoprotectant will 
permeate. Giving a minimum 10 min for the last step, this leaves a time 
of 320 min for the second step. For these times (90 min; 320 min; 10 
min), the minimum ordinal vitrifiability achieved across the 2-mm 
thickness is at the bone with a value of 179 according to Equation (6). 
On the other hand, the longer the third step is, the more even the dis-
tribution of concentration across the thickness will be. The longest 
possible time of the third step while still exceeding α1 is 290 min, leaving 
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40 min for the second step. For these times (90 min; 40 min; 290 min), 
the minimum ordinal vitrifiability is 168. As a compromise between a 
high vitrifiability and an even distribution of cryoprotectant concen-
tration, we choose times of 90 min for step 1, 170 min for step 2, and 
160 min for step 3 to yield a minimum ordinal vitrifiability of 174 at the 
bone. The concentrations, times, and temperatures of this new 7-h 
protocol are summarized in Table 6, and Fig. 3 shows the calculated 
spatial distribution of cryoprotectant concentration (Equation (1)–(5)), 
freezing point (Equation (7)–(9)), and ordinal vitrifiability (Equation 

(6)) at the end of each step of the new 7-h loading protocol. 
Along with being 2.5 h shorter than the 9.5-h protocol, we emphasize 

that the new 7-h protocol is expected to be less toxic compared to the 
9.5-h protocol [33] from four perspectives. First, the maximum con-
centration of any single cryoprotectant is reduced from 6 M to 3 M; 
second, glycerol is removed; third, the total time of exposure to cryo-
protectants is lowered by 2.5 h; and fourth, the distribution of cryo-
protectant concentration is more uniform throughout the 2-mm 
thickness of cartilage. The 9.5-h protocol and our new 7-h protocol were 
tested experimentally by Wu et al. on dowels of porcine articular 
cartilage on bone, and both protocols were successful with average cell 
viabilities (normalized to a fresh control group) of 61.9 � 11.9% (mean 
� SE) and 77.7 � 3.7%, respectively, for 10-mm diameter dowels 
vitrified in liquid nitrogen in 50 ml tubes and rewarmed in a 37 �C water 
bath [57]. 

3.3. Importance of nonideality for freezing point calculations 

Fig. 4 illustrates the predicted freezing point throughout a 2-mm 
thick piece of cartilage at the end of each loading step of the new 7-h 
protocol when the solution is assumed to be nonideal and concen-
trated (Equation (7)–(9)) vs. ideal and dilute (Equation (13)). At the end 

Table 6 
Cryoprotectant concentrations, times, and temperatures for each loading step of 
the new 7-h protocol.   

Concentrations Time Temperature 

Step 1 3 M Me2SO 
3 M EG 

90 min 0 �C 

Step 2 3 M Me2SO 
3 M EG 
3 M PG 

170 min � 5 �C 

Step 3 3 M Me2SO 
3 M EG 
2 M PG 

160 min � 10 �C  

Fig. 3. (a)–(c) Spatial distribution of cryoprotectant 
concentration (solid lines; blue is Me2SO, red is PG, 
and black is EG; left y-axis) and nonideal freezing 
point (dashed line, light blue; right y-axis) in a 2-mm 
cartilage sample at the end of each step of the new 7-h 
protocol, the details of which are summarized in 
Table 6. (d)–(f) Spatial distribution of vitrifiability 
(black solid line) at the end of each step with vitrifi-
ability thresholds illustrated by dotted horizontal 
lines (blue is α1, red is α2, yellow is α3, and purple is 
α4). Concentration is calculated using Equations (1)– 
(5), freezing point is calculated using the nonideal 
equations (Equation (7)–(9)), and vitrifiability is 
calculated using Equation (6). (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 4. Distribution of freezing point throughout a 2-mm thick piece of cartilage as calculated using the ideal (Equation (13)) and nonideal (Equation (7)–(9)) 
solution assumptions for (a) loading step 1, (b) loading step 2, and (c) loading step 3 of the new 7-h protocol. 
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of the first loading step, the ideal freezing point is close to the nonideal 
solution freezing point, particularly at the cartilage–bone junction. This 
means that the total cryoprotectant concentration at this location is in 
fact dilute enough for Equation (13) to be accurate. However, as the 
total cryoprotectant concentration becomes higher at locations closer to 
the cartilage–solution boundary at the end of the first loading step, the 
ideal assumption becomes increasingly inaccurate. By the end of the 
second and third loading steps, the freezing points calculated assuming 
ideal-dilute behavior are incorrect by up to 50 �C. Through these cal-
culations, we emphasize the importance of considering the effect of 
nonideality to calculate the freezing points of concentrated cryopro-
tectant solutions when designing vitrification protocols. 

3.4. Investigating a minimally vitrifiable 5-h protocol 

One experimentally tested protocol loads Me2SO, PG, and EG over 5 
h in 3 loading steps summarized in Table 7 [57]. The concentrations, 
times, and temperatures of exposure were selected so that the full 
cartilage thickness would be on the verge of completely vitrifying. For 
each of the steps in this 5-h protocol, we calculate the expected spatial 
distribution of cryoprotectant concentration (Equation (1)–(5)), freezing 
point (Equation (7)–(9)), and vitrifiability (Equation (6)), as illustrated 
in Fig. 5. Less than half of the cartilage thickness is expected to be 
vitrifiable by the end of the last loading step (Fig. 5f). Experimentally, 
only 28.5 � 7.5% (mean � SE; normalized to a fresh control group) of 
cells were viable in 10-mm diameter dowels vitrified in liquid nitrogen 

in 50 ml tubes and rewarmed in a 37 �C water bath [57], and this result 
can be explained by the insufficient level of vitrifiability for the majority 
of the cartilage thickness. 

4. Conclusions 

We have investigated the spatial and temporal distribution of vitri-
fiability as a new criterion for developing a successful vitrification 
protocol for the long-term storage of human articular cartilage. We 
calculated the vitrifiability distribution for a 9.5-h protocol previously 
reported to be successful [33] and confirmed that the whole thickness of 
a 2-mm thick cartilage sample exposed to the 9.5-h cryoprotectant 
loading protocol is vitrifiable by the end of the protocol. Based on the 
new vitrifiability criterion and a 7-h constraint on total loading time, we 
proposed a new 3-step protocol that loads dimethyl sulfoxide, propylene 
glycol, and ethylene glycol at progressively lower temperatures. This 
new 7-h protocol uses a final equilibration step to flatten the spatial 
distribution of cryoprotectant concentration and lower the toxicity 
experienced by cells close to the cartilage–solution boundary. To design 
the new 7-h protocol, calculations of CPA permeation, vitrifiability, and 
freezing point were used. We illustrate the importance of using 
non-ideal, non-dilute equations for freezing point in the design of 
vitrification protocols. As predicted in the present study, a separate 
paper reports that the new 7-h protocol was successful when performed 
on 10-mm diameter porcine articular cartilage dowels (cell viability of 
77.7 � 3.7% (mean � SE; normalized to a fresh control group)) [57]. 
This new 7-h protocol is anticipated to facilitate the storage of articular 
cartilage for extended periods of time in a tissue bank for osteochondral 
allograft transplantation. 
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130 min � 10 �C  

Fig. 5. (a)–(c) Spatial distribution of cryopro-
tectant concentration (solid lines; blue is Me2SO, 
red is PG, and black is EG; left y-axis) and 
freezing point (dashed line, light blue; right y- 
axis) in a 2-mm cartilage sample at the end of 
each step of an unsuccessful 5-h protocol, the 
details of which are summarized in Table 7. (d)– 
(f) Spatial distribution of vitrifiability (black 
solid line) at the end of each step with vitrifi-
ability thresholds illustrated by dotted horizontal 
lines (blue is α1, red is α2, yellow is α3, and 
purple is α4). Concentration is calculated using 
Equations (1)–(5), freezing point is calculated 
using the nonideal equations (Equation (7)–(9)), 
and vitrifiability is calculated using Equation (6). 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
Web version of this article.)   
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