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Errata to Organ Preservation Alliance’s Organ Banking Summit abstracts as
published in Cryobiology Volume 71 (1) 2015.

The following abstracts were published without literature citations. Herein are the abstracts as

they were submitted.

Cryobiological Thermodynamics: How Math Can Save Lives

Janet A. W. Elliott**" and Locksley E. McGann®

* Department of Chemical and Materials Engineering, University of Alberta, Canada
® Department of Laboratory Medicine and Pathology, University of Alberta, Canada

* janet.elliott@ualberta.ca

Cryobiology is an inherently interdisciplinary research field. To solve any but the most trivial
cryopreservation challenges requires cryobiology-specific knowledge from medicine, biology,
thermodynamics and other engineering sciences, and this specific knowledge has been under
development by cryobiologists over a period of study spanning almost 100 years.
Thermodynamics, a mathematical and profoundly useful subject, is the underlying physical
science of cryobiology. Thermodynamics determines at what temperature ice can form, how
much ice is formed at a given temperature, how cryoprotectants supress the formation of ice or
mitigate its effects, and how ice interacts with cell and tissue structures. Thermodynamics
describes the transport of water across cells and tissues in response to ice formation, the
permeation and efflux of cryoprotectants into and out of cells during loading and unloading, and
the transport of heat in response to temperature gradients. To really leverage the understanding

that thermodynamics can provide, mathematical modelling must be used in combination with
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other knowledge. In interdisciplinary, collaborative research we use innovative biological
experiments to measure cell- and tissue-specific parameters appearing in mathematical models.
Mathematical models are then used iteratively with innovative experimental measurement of cell
and tissue responses to cryopreservation protocols. Experimental results inform the development
and refinement of mathematical models; mathematical models narrow the required experimental
space to something feasible. In our collaborative environment engineers and mathematicians
work together with biologists and surgeons, each receiving some training in the complementary
discipline and even receiving joint graduate degrees in engineering and medical sciences where
desired.

As well as many improvements to thermodynamic modelling in cryobiology, recent
practical achievements from our group include: i) development of a protocol to cryopreserve
hematopoietic progenitor cells (blood stem cells) with reasonable cell recovery without the need
for permeating cryoprotectants [28], and ii) development (with NM Jomha) of a protocol to
cryopreserve intact human articular cartilage on a bone base (as required for transplantation) with
chondrocyte recovery (membrane intact cells after cryopreservation = all cells in control) of 75.4
+ 12.1% in 10 mm dowels and 76.9 + 6.2% in large fragments (12.5 cmz). The cells in
cryopreserved articular cartilage exhibited metabolic activity equal to control tissue after time for
metabolic recovery. Cells from cryopreserved articular cartilage were pellet cultured and showed
glycosaminoglycan and collagen II production similar to control [18, 19]. This success is
significant because articular cartilage might be harder to vitrify than some organs due to its very
slow diffusion of cryoprotectants, and no option of vascular perfusion.

A large amount of knowledge has been developed by cryobiologists over almost 100 years

that is not fully appreciated outside of the cryobiology field but is critical to all aspects of
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biotechnology. Even though a lot of progress has been made by our group and many others, only
a small amount of available thermodynamic knowledge has yet been fully applied to understand
and optimize cryopreservation. In addition, there are many other scientific subjects with
available knowledge not yet fully applied in the field of cryobiology. Finally, there are some
scientific questions unique to cryobiology that will require unique approaches and study that has
yet to begin. We will need to put all of this together in a collaborative way to solve the harder

problems we are faced with next.

Thermodynamics in Cryopreservation: Understanding Ice Formation

Janet A. W. Elliott*

Departments of Chemical and Materials Engineering & Laboratory Medicine and Pathology
University of Alberta, Canada

* janet.elliott@ualberta.ca

Thermodynamics is the study of mathematical relationships arising from physical laws
governing energy and entropy [8]. Thermodynamic equilibrium includes thermal equilibrium,
mechanical equilibrium and chemical equilibrium. If one of these equilibria is not satisfied in a
system, there will be a change towards equilibrium: heat will be transferred, mass will be
transferred or change phase (ice will form or melt), or acceleration will occur due to a
mechanical force imbalance. As such, thermodynamics (including both equilibrium and
nonequilibrium thermodynamics) is the overarching physical science of cryobiology.
Thermodynamics describes the freezing point of intra and extracellular solutions and how much

ice is formed at a given temperature. Thermodynamics describes the flux of water and
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cryoprotectants into and out of cells and across tissues. Thermodynamics describes the heat
transfer that occurs during cooling and rewarming. Though vitrification is not strictly speaking a
process of thermodynamic equilibrium, since vitrifiability is governed by how far the system is
from its thermodynamic freezing point (vitrification is out-running thermodynamic equilibrium)
and since the process of ice recrystallization of a vitrified solution is a thermodynamic one,
thermodynamics plays a key role here too. Any approach to cryopreservation must be well-based
in sound thermodynamic understanding. For more than fifteen years, we have worked to improve
thermodynamic modelling in cryobiology [1-4,6,7,9-15,21-31]. We have introduced a multi-
solute osmotic virial equation to make the most accurate predictions of multi-component extra-
and intracellular solution freezing points and driving forces for osmotic transport [6,11,24—
26,31]. We have described the transport of water and non-dilute components across cell
membranes [3,9,12,14,15,28,29], and across complex tissues [1-3,13]. Our modelling has
introduced an understanding of mechanisms of injury such as Mazur’s rapid-cool and slow-cool
injury for cells [28,29] or the mechanical stress of spatially uneven tissue dehydration during
cryoprotectant loading in tissues [3]. We have explored curvature-induced freezing point
depression and its implications for the growth of ice through cell membrane pores and tissue
porosity [4,21,22]. We have investigated physical conditions for intracellular ice formation
[4,7,29]. We have coupled thermodynamics to fluid mechanics to describe complicated
phenomena that occur in the freezing of colloidal suspensions [10,23]. We have described
vitrifiability with empirical mathematical models [30]. Even though we have made many
improvements in thermodynamic modelling in cryobiology, there exists a great deal of other

well-developed thermodynamics that has yet to be applied to cryopreservation challenges.
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An Engineering Perspective on Toxicity

Janet A. W. Elliott**®, Locksley E. McGann”, J. Fraser Forbes®, Vinay Prasad®, and
Nadr M. Jomha®

* Department of Chemical and Materials Engineering, University of Alberta, Canada
® Department of Laboratory Medicine and Pathology, University of Alberta, Canada
¢ Department of Surgery, University of Alberta, Canada

* janet.elliott@ualberta.ca

Toxicity plays a central role in cryopreservation, whether it be toxicity of added cryoprotectants
or of naturally occurring salts and other solutes concentrated in the unfrozen solution by ice
formation. Toxicity may be studied from the viewpoint of biochemical mechanisms—
understanding what molecule, pathway, or structure is “poisoned”. However, an engineering
perspective on toxicity is extremely relevant to cryopreservation. The toxicity of compounds to
cells is concentration, temperature, and exposure-time dependent. Understanding the
cryoprotectant exposure that a cell deep within a tissue experiences in a given loading/removal
protocol requires an understanding of permeation/efflux kinetics with time. The dependence of
toxicity on temperature can be used to advantage in designing cryopreservation strategies.
Finally, even without knowledge of toxicity mechanisms, cryoprotectant toxicity and toxicity
interactions can be modelled with empirical equations for use in protocol design. Our research
group has explored these issues [1-3,5,16,17,20]. The developed engineering approaches to
toxicity were critical in design of a protocol to cryopreserve intact full-thickness human articular
cartilage on a bone base (as required for transplantation) with high chondrocyte viability,

metabolic activity and function [18,19].



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

A. Abazari, J.A.W. Elliott, G.K. Law, L.E. McGann, N.M. Jomha, “A biomechanical
triphasic approach to the transport of nondilute solutions in articular cartilage”, Biophysical

Journal 97(12) (2009) 3054-3064.

A. Abazari, J.A.W. Elliott, L.E. McGann, R.B. Thompson, “MR spectroscopy measurement
of the diffusion of dimethyl sulfoxide in articular cartilage and comparison to theoretical

predictions”, Osteoarthritis and Cartilage 20(9) (2012) 1004-1010.

A. Abazari, R.B. Thompson, J.A.W. Elliott, LE McGann, “Transport phenomena in articular
cartilage cryopreservation as predicted by the modified triphasic model and the effect of

natural inhomogeneities”, Biophysical Journal 102 (6) (2012) 1284-1293.

J.P. Acker, J.A.W. Elliott, L.E. McGann, “Intercellular ice propagation: Experimental
evidence for ice growth through membrane pores”, Biophysical Journal 81(3) (2001) 1389-

1397.

K.A. Almansoori, V. Prasad, J.F. Forbes, G.K. Law, L.E. McGann, J.A.W. Elliott, N.M.
Jomha, “Cryoprotective agent toxicity interactions in human articular chondrocytes”,
Cryobiology 64(3) (2012) 185-191.

J. Cheng, M. Gier, L.U. Ross-Rodriguez, V. Prasad, J.A.W. Elliott, A. Sputtek, “Osmotic
virial coefficients of hydroxyethyl starch from aqueous hydroxyethyl starch—sodium
chloride vapor pressure osmometry”, Journal of Physics Chemistry B 117(35) (2013) 10231-

10240.

. JLA.W. Elliott, “Intracellular ice formation: The enigmatic role of cell-cell junctions”, New

and Notable Biophysical Journal 105(9) (2013) 1935-1936.



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

8. J.A.W. Elliott, “Introduction to the special issue: Thermodynamic aspects of cryobiology”,

Cryobiology 60(1) (2010) 1-3.

9. JLA.W. Elliott, H.Y. Elmoazzen, L.E. McGann, “A method whereby Onsager coefficients may

10.

11.

12.

13.

14.

15.

16.

be evaluated”, Journal of Chemical Physics 113(16) (2000) 6573-6578.

J.A.W. Elliott, S.S.L. Peppin, “Particle trapping and banding in rapid colloidal
solidification”, Physical Review Letters 107(16) (2011) art. no. 168301.

J.A.W. Elliott, R.C. Prickett, H.Y. Elmoazzen, K.R. Porter, L.E. McGann, “A multi-solute
osmotic virial equation for solutions of interest in biology”, Journal of Physical Chemistry B
111(7) (2007) 1775-1785.

H.Y. Elmoazzen, C.C.V. Chan, J.P. Acker, J.A.W. Elliott, L.E. McGann, “The effect of cell
size distribution on predicted osmotic responses of cells”, Cryoletters 26(3) (2005) 147-158.
H.Y. Elmoazzen, J.A.W. Elliott, L.E. McGann, “Cryoprotectant equilibration in tissues”,
Cryobiology 51(1) (2005) 85-91.

H.Y. Elmoazzen, J.A.W. Elliott, L.E. McGann, “Osmotic transport across cell membranes in
nondilute solutions: A new nondilute solute transport equation”, Biophysical Journal 96,
(2009) 2559-2571.

H.Y. Elmoazzen, J.A.W. Elliott, L.E. McGann, “The effect of temperature on membrane

hydraulic conductivity”, Cryobiology 45 (2002) 68-79.

H.Y. Elmoazzen, A. Poovadan, G.K. Law, J.A.W. Elliott, L.E. McGann and N.M. Jombha,
“Dimethyl sulfoxide toxicity kinetics in intact articular cartilage”, Cell and Tissue Banking 8

(2007) 125-133.



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

17.

18.

19.

20.

21.

22.

23.

24.

M.D. Fahmy, K.A. Almansoori, L. Laouar, V. Prasad, L.E. McGann, J.A.W. Elliott, N.M.
Jombha, “Dose-injury relationships for cryoprotective agent injury to human chondrocytes”,
Cryobiology 68(1) (2014) 50-56.

N.M. Jomha, J.A.W. Elliott, G.K. Law, B. Maghdoori, J.F. Forbes, A. Abazari, A.B.
Adesida, L. Laouar, X. Zhou, L.E. McGann, “Vitrification of intact human articular
cartilage”, Biomaterials 33(26) (2012) 6061-6068.

N.M. Johma, L.E. McGann, J.A.W. Elliott, G. Law, F. Forbes, A. Torghabeh Abazari, B.
Maghdoori and A. Weiss, “Cryopreservation of articular cartilage”, US patent 8,758,988.
N.M. Jomha, A.D. Weiss, J.F. Forbes, G.K. Law, J.A.W. Elliott, L.E. McGann,
“Cryoprotectant agent toxicity in porcine articular chondrocytes”, Cryobiology 61(3) (2010)
297-302.

Z. Liu, K. Muldrew, R.G. Wan, J.A.W. Elliott, “Measurement of freezing point depression
of water in glass capillaries and the associated ice front shape”, Physical Review E 67,
(2003) 061602.

Z. Liu, K. Muldrew, R.G. Wan, J.A.W. Elliott, “Retardation of ice growth in glass
capillaries: Measurement of the critical capillary radius”, Physical Review E 69 (2004) art.
no. 021611.

S.S.L. Peppin, J.A.W. Elliott, M.G. Worster, “Solidification of colloidal suspensions”,
Journal of Fluid Mechanics 554 (2006) 147-166.

R.C. Prickett, J.A.W. Elliott, S. Hakda, L.E. McGann, “A non-ideal replacement for the

Boyle van’t Hoff equation”, Cryobiology 57(2) (2008) 130-136.



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

25.

26.

27.

28.

29.

30.

31.

R.C. Prickett, J.A.W. Elliott, L.E. McGann, “Application of the multisolute osmotic virial
equation to solutions containing electrolytes”, Journal of Physical Chemistry B 115(49)
(2011) 14531-14543.

R.C. Prickett, J.A.W. Elliott, L.E. McGann, “Application of the osmotic virial equation in
cryobiology”, Cryobiology 60(1) (2010) 30-42.

R.C. Prickett, L.A. Marquez-Curtis, J.A.W. Elliott, L.E. McGann, “Effect of supercooling
and cell volume on intracellular ice formation”, Cryobiology 70(2) (2015) 156-163.

L.U. Ross-Rodriguez, J.A.W. Elliott, L.E. McGann, “Investigating cryoinjury using
simulations and experiments: 1. TF-1 cells during two-step freezing (rapid cooling
interrupted with a hold time)”, Cryobiology 61(1) (2010) 38-45.

L.U. Ross-Rodriguez, J.A.W. Elliott, L.E. McGann, “Investigating cryoinjury using
simulations and experiments: 2. TF-1 cells during graded freezing (interrupted slow cooling
without hold time)”, Cryobiology 6(1) (2010) 46-51.

A.D.H Weiss, J.F. Forbes, A. Scheuerman, G.K. Law, J.A.W. Elliott, L.E. McGann, N.M.
Jombha, “Statistical prediction of the vitrifiability and glass stability of multi-component
cryoprotective agent solutions”, Cryobiology 61(1), (2010) 123-127.

M.W. Zielinski, L.E. McGann, J.A. Nychka, J.A.W. Elliott, “Comparison of non-ideal
solution theories for multi-solute solutions in cryobiology and tabulation of required

coefficients”, Cryobiology 69 (2014) 305-317.



