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Preface

 

Sixty-five years have passed since the publication of Basil Luyet’s 

 

Life and Death at Low Temper-
ature

 

, the first organized attempt to summarize past observations of freezing injury in living
organisms and to infer from them the mechanisms of injury. Not surprisingly, attention at that time
was focused primarily on mechanical damage from ice, although, as evidence of the immaturity
of the science, Luyet considered five other possible mechanisms: the withdrawal of energy, attain-
ment of a minimal temperature, too-rapid thawing, dehydration, and “various physiological, phys-
ical, or chemical alterations.” 

One might have expected that the subsequent years would have led to a clear and functional
understanding of freezing injury and, as a result, have enabled efficient cryopreservation of almost
anything. But it wasn’t that easy. Looking back at some of the hypotheses that emerged — salt
concentration (Lovelock), disulfide binding (Levitt), the two factor hypothesis (Mazur), minimum
volume (Meryman), membrane depletion (Williams, Steponkus) — one can see that, in retrospect,
each in a very general sense was correct, but none provided sufficient insight to lift applied
cryopreservation very far from the empirical. In fact, even after those sixty-plus years, our insight
is still pretty much limited to the recognition that intracellular ice is generally lethal, that ice nuclei
are rare or absent within cells, that extracellular ice concentrates the extracellular solution and the
cells lose water osmotically and shrink. However, the precise nature of the lethal event for each
cell type continues to be debatable, whether from the seeding of extracellular ice through membrane
pores, from membrane stresses leading to the loss of membrane material, from temperature- and
concentration-related denaturation or precipitation, or from some as-yet ill-defined phenomenon.
The role of cold denaturation of proteins has been largely ignored.

Fortunately — or, some might argue, unfortunately — the advent of penetrating cryoprotectants,
primarily glycerol and DMSO, has enabled empirical cryopreservation to leapfrog basic research.
Topics that were central to cryobiology research in the 1950s and 1960s have been overshadowed
by demonstrations of empirical success. Cryopreservation is increasingly being undertaken by
specialists in the subject tissue rather than by cryobiologists, and the practicalities of grant and
contract support tend to perpetuate this trend.

However, although the effectiveness of the penetrating cryoprotectants has made many basic
questions moot, the challenges are still far from resolved. The cryoprotectants themselves are now
the obstacles to easy success. Glycerol penetrates cells slowly and some cells not at all, creating
major osmotic problems. But glycerol has the great advantage of being a nontoxic macromolecular
stabilizer. DMSO, despite its reputation, does not cross membranes instantly; in fact, at temperatures
below 10°C, it enters cells relatively slowly — at least this is true for red cells. And it is a
macromolecular destabilizer with demonstrated toxicity.

From the purely practical aspect, it is better cryoprotectants that are needed. Polymers have
their own shortcomings and, with some exceptions, enable long-term, low-temperature storage only
in the presence of associated penetrating agents. Complete vitrification is a promising approach,
but there are still formidable obstacles to be surmounted. For an ideal penetrating agent, there are
only two criteria. Such an agent must cross cell membranes readily and rapidly and must be nontoxic
at elevated concentrations. Obvious candidates are low-molecular weight organic compounds or
cations such as ammonium compounds that are partially dissociated and enter the cell in the
uncharged form. However, there are a limited number of low-molecular weight compounds and
even the two simple criteria cited above may be too demanding.
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This timely and impressive volume shows just how far cryobiology has come in providing
frozen preservation for a variety of cells and tissues and also how much dedicated effort it has
taken to get this far. It is also apparent that each individual cell type requires an individually crafted
cryoprotective regimen that may still achieve only limited recovery, and that the ultimate goals of
applied cryobiology have yet to be achieved. It is likely that the limitations of cryopreservation
apparent today will not be resolved just by more tinkering, but will require a return to the basic
questions that drove cryobiology during its earlier years. In the pharmaceutical industry, examples
abound of successful new therapeutics made possible only by an accurate understanding of the
process to be addressed. For cryopreservation, the easy answers are not good enough. The time is
ripe for more basic science.

 

Harold T. Meryman
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The nature of medicine [science] is seeking, finding, testing, retesting, debunking, and being utterly
surprised at how often established dogma crumbles.

 

Bernadine Healy, M.D.

 

There is a growing interest in and demand for improved methods of cell and cellular-construct
preservation with the requirement for rapid return to prepreservation, normophysiological function.
Implicit in this need is the development of methodologies that protect the genome and proteome
thereby avoiding stress-related genetic selectivity.

 

1

 

 Unfortunately, a growing body of evidence
suggests that the multiplicity of stresses attendant to many preservation protocols fails to meet
these requirements. In addition, the use of animal-derived products, as common components of
cell storage processes, raises concern over system contamination with nonnative protein-derived
materials (i.e., prions, etc.).

 

2

 

Interdisciplinary efforts to advance the effectiveness of long-tried “successful methods” of cell,
tissue, and organ preservation have now led to the development of a new scientific specialty —

 

biopreservation.

 

 From a historic perspective, efforts to sustain living biologics in a dormant state
supportive of “on-demand” reanimation have centered primarily on either hypothermic (refriger-
ated) storage or preservation under the comparatively extreme conditions associated with freezing.

 

3

 

Hypothermic storage

 

 typically includes maintenance at temperatures above 0°C but below a
normothermic range (32–37°C) of mammalian species. The principles that have governed advances
within the hypothermic storage research focus have depended primarily on improvements in tissue
and organ preservation in support of transplantation; namely, factors related to ion balance, buffering
capacity, free radical scavenging, oncotic support, and the provision of nutrients.

 

4–6

 

 

 

Cryopreser-
vation

 

 

 

is defined as the maintenance of biologics at temperatures below –80°C and typically below
–140°C (below the reported range of the nominal glass transition temperatures of pure water).
Methodological developments defined under the cryopreservation mantra are linked to the principles
that emerged from Mazur’s “Two-Factor Hypothesis,”

 

7

 

 which relates survival of cells in solution
to a dependence on the rate of cooling of the vessel (i.e., vial, straw, etc.) containing the preserved

 

2772_C001.fm  Page 1  Thursday, July 13, 2006  10:31 AM

© 2007 by Taylor & Francis Group, LLC



 

2

 

Advances in Biopreservation

 

biologic. Suboptimal cooling rates in the presence of molar levels of cryoprotective agents such as
dimethyl sulfoxide and glycerol cause cells to experience prolonged periods of exposure to toxic
levels of these agents. The resulting “solution effects” are 

 

a priori

 

 evidence of lethal conditions, a
supposition gleaned from Lovelock’s classic demonstration of the relationship between survival
and sodium chloride content in human RBCs.

 

8

 

 Cooling at supra-optimal rates would not afford
cells the opportunity to dehydrate (reduce the levels of freezable water) such that intracellular water
compartments would maintain a chemical equilibrium with the extracellular ice leading to the
probability of lethal intracellular ice formation.

 

9,10

 

What is striking about the parallel developments within these research theaters is the relative
isolation of the cryopreservation thought processes from the cellular fundamentals that grew from
organ-based hypothermic storage research. That is, cryopreservation has focused nearly exclusively
on the physical parameters associated with the water-to-ice phase change (i.e., water flux) during
the preservation process at the expense of understanding that a 

 

chill–freeze continuum

 

 exists and
that the resulting 

 

hypothermic continuum

 

 will impact survival.

 

11

 

 This failure to factor in the impact
of the hypothermic continuum as a perturbing (stressful) condition during the application of a
cryopreservation protocol has contributed to the limitations faced in today’s efforts to recover
normally functioning cells upon removal from cryogenic storage. It is essential, if not critical, to
recognize that despite the presence of extracellular ice, cells that are 

 

structurally preserved

 

 (avoid
intracellular ice formation) remain in a state of deepening hypothermia until reaching the vitrifi-
cation state (Tg) of the preservation medium. Importantly, during this thermal excursion, solute
levels continue to elevate due to freeze concentration.

 

9

 

 Cell function, while suppressed, does not
cease until the intracellular glass transition (Tg) temperature is reached.

 

12

 

This segregation of low-temperature-directed research, when coupled with the compartmental-
ization of anhydrobiosis or the dry-state preservation sciences, has created a series 

 

subdisciplinary
cul-de-sacs

 

 from which new advances have been slow to emerge.

 

13

 

 Accordingly, 

 

biopreservation

 

as an integrative specialty can be defined to include those sets of processes that suppress biological
aging in a manner supportive of postpreservation restoration of function and maintenance of
structure. Biopreservation incorporates relevant engineering principles with developments in cel-
lular and molecular biology including cell signaling, genomics, proteomics, metabolomics, systems
biology, and computer sciences, with a strong underpinning in the fundamental principles derived
from studies in anhydrobiosis and cryobiology. Importantly, biopreservation represents the simul-
taneous application and management of numerous — often poorly defined and not fully recognized
— lethal conditions with the expectation of normal recovery. In practice, the success of this field
is critical to cell-based research, related therapies, reproductive management (animal and human),
banking of biologics (clinical and environmental), drug discovery, organ preservation, pest control,
and other diverse applications.

 

14

 

1.1 THE HYPOTHERMIC CONTINUUM

 

For mammalian systems, nearly all biopreservation stratagems begin with a reduction in temperature
from 37°C to the 20–25°C range, but most commonly to 0–10°C. A maintenance target of 4°C is
common and less related to any known biological rationale than to the fact that liquid water reaches
its maximum density at this temperature. Cooling represents a change in the energy state of a
biologic due to heat flow to the environment. In effect, the kinetic energy necessary to support the
chemical reactions that define the metabolome is reduced, resulting in the uncoupling and re-
coupling (shunting) of biochemical reactions.

 

15

 

 These biochemical imbalances cause the depletion
of adenylates due to the failure of aerobic production of ATP, which in turn disrupts membrane-
mediated transport. With the progressive drop in temperature, cells experience rapid gains in
calcium,

 

16,17

 

 the loss of intracellular potassium and gain of sodium,

 

17,18

 

 and intracellular acidosis
with pH approaching four.
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3

 

In addition to metabolic imbalances, there are measurable changes in cell and organelle mem-
brane characteristics reported as phase changes in the lipid domains and indicated by discontinuities
in the Arrhenius plots.

 

19–22

 

 These membrane transitions represent a structural change in the mem-
brane from the liquid-crystalline state to the solid gel state.

 

21,22

 

 As a result, membranes become
“leaky,” thereby contributing to transmembrane ionic imbalances. Concomitantly, there is an
increase in the activation energy of membrane-bound enzymes, which compounds the problems
associated with ionic imbalance, activation, and leakage of lysosomal and lipoprotein hydrolases,

 

23,24

 

activation of calcium-dependent phosolipases, 

 

25–27

 

 and the release of free fatty acids.

 

28

 

 There are
also mitochondrial-related events including reduction in the bcl2-bax (anti- and pro-apoptotic
proteins) ratio leading to cytochrome c release and activation of the apoptotic cascade, which if
not inhibited will lead to cell death.

 

29–33 

 

Simultaneous with these disruptive events is further physical
compromise of the intracellular milieux characterized by the disruption of the cytoskeletal
matrix.

 

34–36

 

These potentially detrimental events occur with “minor” changes in the kinetic energy levels
(a decrease of 10°C equals a 3% decrease in available thermal energy). One simple measure that
represents an average of the “total” change in metabolism is Q

 

10

 

,

 

 

 

which in mammalian systems
calculates to an approximate 50% decrease in oxygen consumption (metabolism) for each 10°C
reduction in temperature

 

37–39

 

 (refer to Chapter 2 for a detailed analysis). Accordingly, the oxygen
consumption of a cell at 5°C is approximately 6% when compared to 37°C.

 

40–42

 

 Q

 

10 

 

represents a
simplification as it does not reflect individual reactions but a differential or average of regulatory
and nonregulatory enzymatic processes and hence the net of uncoupling/recoupling and shifts in
metabolic pathways.

 

19–22

 

 Q

 

10 

 

has been observed to increase dramatically with the onset of freezing.

 

43

 

Accordingly, hypothermia impacts innumerable components of the cellular machinery including
energy status, macromolecular reactivity and stability, adenylate levels and availability, and bio-
logical reducing power.

 

44

 

 When considered within the full context of the oxidative stressors pre-
sented to a mammalian cell in the cold, along with the generation of free radicals, hypothermia
provides multiple routes to the initiation of apoptosis or gene-regulated cell death. While select
mammalian species have evolved a mechanism supportive of chronic whole-body hypothermia (i.e.,
hibernators)

 

45,46 

 

or seasonally adaptive regional heterothermy,

 

47,48

 

 few human cells 

 

in vivo

 

 exhibit
a genetic propensity supportive of low-temperature survival beyond a few hours.

Cooling does provide short-term 

 

in vitro

 

 survival primarily through the decrease in metabolism
and the reduction in oxygen and nutrient demand, which work to conserve chemical energy. These
processes only conserve to a point, though. Hypothermia represents far more than the apparent
effects associated with the “single variable” of reduced temperature. Little is known about the
survival-related stress responses of mammalian cells other than reports of the production of heat
shock (stress) proteins (HSP), which putatively act to chaperone proteins to prevent cold-induced
denaturation.

 

49–52

 

 Hypothermia without manipulative intervention sets the stage for progressive cell
injury during each of its three phases (cooling, maintenance in the cold, and rewarming). Rewarm-
ing-related injury will be discussed in detail in Chapter 2.

 

1.2 CRYOPRESERVATION

 

Cryopreservation protocols begin with hypothermic exposures, extend through the 

 

hypothermic
continuum

 

, and reach equilibrium in the glassy, or vitrified, state. These steps are “reversed” during
the thawing process. The addition of cryoprotective compounds represents the next step in the
preservation process. These cryoprotective agents include a diversity of penetrating (membrane
permeable) and nonpenetrating agents typically contained within an isotonic cell culture or buffered
electrolyte media.

 

53

 

 The duration of the incubation period is determined empirically but commonly
lasts from 10 to 30 minutes. As temperature is lowered below the equilibrium freezing point of the
preservation medium following the addition of penetrating cryoprotective compounds, nominal
cooling rates are applied over user-varied subfreezing temperatures (–40 to –80°C). Following this
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is the transfer to ultralow temperature storage, i.e., liquid nitrogen immersion, liquid nitrogen vapor
phase, or <–135°C mechanical storage. This temperature range is ideal; partly due to the ready
availability of liquid nitrogen, a nonflamable cryogen, and the fact that this temperature range falls
below the reported glass transition temperatures (Tg) of pure water.

 

54

 

 The glass transition temper-
atures for cryoprotective mixtures are reported to be in the –115 to –90°C range. Below the glass
transition temperature, the viscosity of the medium increases exponentially so that all measurable
molecular translational motion is lost. While molecules retain rotational and vibrational movement,
the moment of diffusion (distance equivalent to one molecular diameter) of a given molecular
species increases from fractions of a millisecond to decades. Hence the presumption that molecular
interactions (i.e., metabolism) are impossible during the preservation storage interval.

 

55

 

 It should
be noted that the 

 

hypothermic continuum

 

 ends with the glass transition state. Prior to reaching the
Tg, chemical reactivity is maintained, albeit at reduced rates, yielding the potential for sustained
free-radical damage. It is for this reason that long-term storage at –80°C is ill advised even for a
cellular biologics such as serum, macromolecules, etc.

Following the addition of and incubation in the cryoprotective cocktail, cooling is extended
at a nominal (“optimal”) cooling rate (1°C

 

.

 

min

 

–1

 

 is common with many mammalian cells). A
“seeding” step (ice nucleation) is included in the –2 to –6°C range to prevent excessive under-
cooling (“supercooling”) of the cell and its bathing medium. It is advantageous to initiate the
extracellular freezing process close to the equilibrium freezing point of the cryoprotective
medium. Seeding supports the comparatively gradual growth of extracellular ice, which allows
for the osmotic efflux of water from the cell resulting in cell shrinkage and the equilibrium freeze
concentration of solutes across the cell membrane.

 

56

 

 Freeze concentration reduces the availability
of freezable water in the cell while driving up the intracellular viscosity toward Tg. If cooling
rates are too rapid, adequate cellular dehydration will not occur and the probability of lethal
intracellular ice formation will increase. The consequences of supraoptimal cooling are recog-
nized upon thawing as cell rupture and early stage (0 to 6 hours post-thaw) cellular necrosis.

 

57–60

 

If cooling rates are too slow, it is believed that the extensive exposure to the freeze concentrated
solutes (now multimolar levels) will result in toxic “solution effects.”

 

7,61,62

 

 One facet of the
manifestation of “solution effect” toxicity is the initiation of postpreservation necrosis peaking
from 6 to 12 post-thaw hours, followed by a second peak in post-thaw apoptosis from 12 to 36
post-thaw hours (cell-type dependent)

 

58–60

 

 followed by a secondary peak in necrosis related to
the interplay between apoptosis and secondary necrosis.

 

 

 

This complex post-thaw survival profile,
defined as Delayed Onset Cell Death (DOCD),

 

60

 

 poses significant challenges to post-preservation
utilization of thawed cells (refer to Chapter 3).

Two of the more common methods of controlled rate cooling (CRC) include both micropro-
cessor-controlled injection of the gaseous phase of boiling liquid nitrogen (active controlled rate
cooling), and passive methods that employ insulated alcohol baths placed in –80°C mechanical
freezers. Active CRC devices monitor a representative sample vial, straw, or bag, and adjust the
inflow of cryogen to maintain a preset cooling profile. Profiles are set to maintain a standard rate
of cooling over a prescribed temperature range, to “seed” (nucleate) the sample with a thermal
shock administered by a surge in cryogen, and to “flatten” the temperature rebound that occurs
upon the initiation of ice growth due to released latent heat of fusion of water. Active CRC also
provides records of the cooling profiles. Passive CRC devices (i.e., “Mr. Frosty” by Nalgene, Inc.)
contain the sample in a central cavity surrounded by — but isolated from — an alcohol layer. When
placed in a –80°C freezer, a curvilinear rate of approximately 1°C min

 

–1

 

 is obtained. Seeding is
accomplished by mechanical agitation at a prescribed time (user determined) during the cooling
period. No provision is made for managing the temperature rise in the sample due to the release
of the latent heat.

Both approaches to controlled rate cooling provide satisfactory results despite the variability
in cooling profiles. One is left to conclude that the resulting rate variations are tolerable depending
on cell type (within certain constraints) and that attention to the elevation in temperature that occurs
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during the ice crystal growth due to the release of the latent heat is not a primary consideration.

 

62

 

Others have demonstrated that optimal cooling rates are dependent on the initial levels of cryopro-
tective agent.

 

63

 

 Upon completion of the CRC step in the cryopreservation process, the sample is
placed into long-term storage. Independent of the method of cooling, the cell is maintained in a
vitreous state, provided that temperature does not fluctuate above the Tg of the solution. The cell
will also be surrounded by a thin layer of vitrified cryoprotectant encased in the mass of extracellular
ice.

Cells may be cryopreserved in an “ice-free” state by incorporating high molar concentrations
of cryoprotectant mixtures added stepwise during the cooling interval. This approach to vitrification
eliminates most ice from the preservation environments and may offer benefit when attempting to
cryopreserve complex tissues and organs.

 

64–67 

 

A detailed discussion of the vitrification option
utilizing high concentrations of cryoprotective agents is found in Chapter 8. High solute-dependent
vitrification procedures do, however, expose the cells to equivalent “solution effects,” thereby
exacerbating stress factors associated with the 

 

hypothermic continuum

 

.  
Rapid thawing of a cryopreserved sample is preferred. It is attained by placing the sample in

a 37–40°C bath, agitating until most of the ice melts, and then eluting the cryoprotectant cocktail
with cell culture media in a single step. A stepwise dilution process alternatively may be used when
high levels of cryoprotectant (above 10%) were used during the initial cooling. Stepwise elution
minimizes the volume excursions of the cell, thereby preventing mechanical damage and rupture
of the cell membrane. Mazur 

 

9

 

 has provided elegant descriptions of the breadth of physicochemical
changes that occur during cryopreservation.

Despite intensive research focused on improving cell preservation spanning more than a half
century, the field continues to face many challenges. The following are excerpts from from 

 

Life in
the Frozen State

 

, a text from 2004 that details the contemporary state of the cryopreservation
sciences. Lane,

 

13

 

 in a chapter projecting the future of cryopreservation, states “few scientific
problems have proved as intractable as cryopreservation … cryobiology has been straitjacketed by
its need to conform to the intractable laws of biophysics.  For all its successes, cryobiology has
been stuck in a rut.”

 

 

 

Mazur,

 

9

 

 in his introductory chapter in the same text, concludes, “the problem
today is that applying basic principles of biophysics simply cannot solve many of the remaining
challenges in cryobiology.”

 

 

 

Others have commented similarly. Fahy 

 

67

 

 suggests that “the detrimental
effects of cryoprotectants are almost as relevant to cryobiology as are their cryoprotective effects,”
while Fuller 

 

68

 

 laments that “a unifying concept for cryoprotective agent chemical toxicity in cells
remains beyond our grasp.” Parks,

 

69

 

 on the other hand, writes, “the interaction observed between
cooling and cryoprotective agents on cytological damage … supports the notion that detrimental
changes … are compounded by other requisite steps in a cryopreservation protocol.” Gao et al.

 

,

 

70

 

through a specific example, emphasize this concern when they suggest, “the empirical methods of
cryopreservation developed in the 1950s are still used today. The motility of post-thaw cryopre-
served sperm (bovine) is usually 50% or less that of prefreeze motility and exhibits wide variability
among individuals.”

 

 

 

They go on to write, however, that “the use of similar cryopreservation
procedures…are much less effective…” in other species, and “the success of using cryopreserved
sperm is still so low that it is not economically feasible to…use this approach.” 

While argumentative within traditional cryobiology, the message is gaining clarity. Studies
focused on the biophysical basis of cryopreservation have yielded successful methods that prevent
the formation of destructive intracellular ice. However, these emergent processes induce detrimental
post-thaw effects and fail to account for the biology attendant to the cellular stress responses.

With the first reports of glycerol serving as a protective solute in a naturally freeze-tolerant
organism and the simultaneous application of this discovery to avian spermatozoa

 

71

 

 and human
erythrocytes (RBC),

 

72

 

 mammalian cryopreservation research began a decade of advancements that
include the addition of DMSO to the preservation cocktail mix.

 

73

 

 By focusing preservation attention
on two highly differentiated cellular “products” (RBC and spermatozoa) with fixed postdifferenti-
ation lifespans, the full spectrum of the impacts of preservation stress on the complex biology of
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normal functioning cells was obscured. In effect, these models have provided an effective “cloak”
that has obscured the full spectrum of events associated with post-thaw, cryopreservation-induced,
delayed-onset cell death. 

As methodological developments proceeded with nonterminally differentiated mammalian
cells, many cell types proved refractory to cryopreservation. Even those cells that are “successfully
preserved” often demonstrate significant post-thaw death (30–70%) within 24 to 48 hours.

 

60

 

 Struc-
tural preservation is afforded to these cells, but a clear inability to manage the preservation-induced
stresses is apparent.

Table 1.1 lists select stress factors encountered by a cell during the hypothermic continuum
along with the known inducers of apoptosis. In addition, any of the stress factors that result in even
partial physical damage can also initiate the launch of the necrotic cell death cascade or “cross
talk” between the apoptotic and necrotic cascades followed by secondary necrosis. Energy depri-
vation, whether driven by metabolic uncoupling or by hypoxia, can initiate apoptosis. If energy
deprivation is severe, however, a transition from initial apoptosis to secondary necrosis will result
(refer to Chapter 3 for detailed discussion).

This listing of factors creates a relatively clear picture of the critical involvement played by
the cell’s “biology” in responding to a cryopreservation regime. Accordingly, a second-generation
preservation paradigm must be developed to improve preservation outcomes.

 

1.3 BEYOND THE RED CELL PARADIGM: HYPOTHESES GUIDING 
PRESERVATION SOLUTION DEVELOPMENT

 

The generic listing of stress factors in Table 1.1 may serve as a template to guide the design of
improved preservation methods, assuming adequate “structural preservation.” There are well-noted
differences in the sensitivity of various cell-types to preservation processes. Van Buskirk et al. 

 

74

 

reported on these variations in three cell types, indicating a possible need for “cell-matched”
preservation solutions. The basis for there being differing kinds of cellular survival was linked to
the manner in which caspase-3, an apoptotic executioner enzyme, was inhibited. This study provided
the basis for the 

 

multisolution hypothesis

 

, which suggests that distinct cell types manage their cell

 

TABLE 1.1
Putative Stress Factors Characteristic of the 

 

Hypothermic 
Continuum

 

Hypothermia Known Initiators of Apoptosis

 

Metabolic Uncoupling/Shunting Biochemical Alterations/Inhibitions
Energy Deprivation Energy Deprivation
Ionic Imbalances Ionic Imbalances
Cellular Acidosis Cellular Acidosis
Protease Activation Protease (Caspases) Activation
Membrane Phase Transitions Membrane Alterations
Free Radical Production Free Radical Accumulation
Cytoskeletal Disassembly

 

Freezing

 

Water Solidification (Solute Concentration)

 

Ionic Imbalances
Cell Volume Excursions Membrane Alterations
Hyperosomolality Ionic Imbalances
Protein Denaturation Biochemical Alterations
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death pathways through differing molecular pathways. Hence, the requirement for unique manage-
ment strategies may necessitate individualized preservation media.

The new challenge facing biopreservation is the need to adopt a molecular-based logic to
develop the optimal preservation solution(s) necessary to support a cell’s round-trip excursion
through the 

 

hypothermic continuum

 

. The earliest attempts at intelligent design of a preservation
medium were made by the Belzer and Southard team

 

5

 

 when they developed ViaSpan

 

®

 

 (the Uni-
versity of Wisconsin solution) to support the transport of organs (pancreas, kidney, and liver) in
anticipation of transplantation. ViaSpan

 

®

 

, formulated exclusively for short-term hypothermic stor-
age, was the first solution designed to manage select putative stress factors (Table 1.1) and became
the first intracellular-like preservation medium. In the decade that followed, additional organ
preservation solutions were commercially developed (i.e., Celsior, HTK-Custodiol, and others).

 

1.3.1 E

 

XTRACELLULAR

 

- 

 

VS

 

. I

 

NTRACELLULAR

 

-L

 

IKE

 

 P

 

RESERVATION

 

 M

 

EDIA

 

More recently, the issue of preservation solution design has moved beyond the simple addition of
a penetrating cryoprotective agent (5–15%) to cell culture media, buffered saline, or mixtures
including serum or a protein component. While these “historic designs” provide apparent structural
preservation, they are often severely limiting in supporting cellular function. These limitations are
apparent when assessing post-thaw survival and specific cell functions. Figure 1.1 schematically
represents the survival-time course following the established “optimal preservation protocol” (figure
modified from Baust et al.

 

33

 

). Little cell death is noted within one hour post-thaw. However, over
the next 24 hours in culture, nearly 70% of the cells succumb to cryopreservation-induced delayed-
onset cell death that is unrelated to physical damage. With this “optimized protocol,” greater than
90% of the cells avoided ice-related damage.

 

60

 

 Cryopreservation in extracellular-like media not
only affects survival but also compromises cellular function including both the genome and pro-
teome. Primary hepatocytes preserved in 10% DMSO effectively lose the ability to maintain normal

 

FIGURE 1.1

 

Time course analysis of post-thaw survival of MDCK (Madin-Darby Canine Kidney) cells
following cryopreservation at –196°C in cell culture media plus DMSO (DME + 5% DMSO), an extracellular-
like preservation solution and in two intracellular-like solutions: CryoStor CS5 contains 5% DMSO while
CryoStor CS5 + AI contains 5% DMSO plus a caspase pan-inhibitor. The decline in cell death following 24
hours is attributed to cell culture repopulation. Percent Survival data were obtained using the alamarBlue®
fluorescent probe. Values are +/– Standard Deviation of the Mean.

Post-Thaw analysis of cell death following

cryopreservation (-196 C)

0

10

20

30

40

50

60

70

80

1260 18 24 30 36 42 48

Time (hours)

P
er

ce
n

t 
ce

ll
 d

ea
th

DME + 5% DMSO
CryoStor CS5
CryoStor CS5 + AI

 

2772_C001.fm  Page 7  Thursday, July 13, 2006  10:31 AM

© 2007 by Taylor & Francis Group, LLC



 

8

 

Advances in Biopreservation

 

proteomic function. In studies by Sosef et al.

 

75

 

 and Sugimachi et al.,

 

76

 

 surviving hepatocytes failed
to recover complete protein synthetic capabilities even fourteen days post-thaw.

The examples above reveal the dichotomy that exists in interpreting post-thaw “survival.”

 

77

 

The cause of these response differentials is not related to cryoprotectant concentration. Figure 1.2
illustrates the 24-hour postpreservation outcome obtained with human dermal fibroblasts preserved
in fibroblast growth media (FGM), an extracellular-like buffered electrolyte solution, and DMSO-
free CryoStor™ base, an intracellular-like buffered electrolyte.

 

53

 

 To each basal media DMSO was
titrated to concentrations of 0.5 to 10%. Fibroblasts were cryopreserved in these media at –196°C
and post-thaw survival measured. The classic “cryopreservation cap” is apparent as survival
increased with DMSO levels to a putative “optimum” followed by a decline in survival at higher
DMSO levels. Four significant observations may be drawn from these data. First, “optimal survival”
is confirmed in the FBM™ –5% DMSO, extracellular-like media. Second, with a simple change
in cryoprotectant carrier media from the extracellular-like formulation, post-thaw survival in Cry-
oStor™ with 5% DMSO yielded an approximate doubling in survival. Third, fibroblast survival is
maintained at supraoptimal levels in the Cryostor™ base even when DMSO levels are decreased
fourfold to 1.25%. Fourth, equivalent levels of survival are obtained in FGM™ –5% DMSO and
CryoStor™ +0.5% DMSO, which represents a tenfold decrease in penetrating cryoprotectant levels.
This patterned response has been observed in many of the analyzed cell systems and exposes a
limitation of the two-factor hypothesis.

 

7,9

 

The principal difference in the approaches to cryopreservation and the resultant outcomes
presented in Figure 1.2 are dependent on carrier solution composition. Essentially, through the
integration of an intracellular-type solution with an understanding of the molecular responses of
the cell at low temperature, one is able to significantly improve cryopreservation outcome.

 

33,53

 

Critical to an understanding of the success of these intracellular-like solutions is an in-depth
knowledge of the cell death pathways activated as a result of cryopreservation-induced oxidative
stresses. In Chapter 3 the processes and pathways associated with the induction of apoptosis and
necrosis are reviewed along with a discussion of the current state of knowledge with regard to the
extent and activation sites of these molecular-based events. While a detailed understanding of these

 

FIGURE 1.2

 

Human Dermal Fibroblasts (NHDF) were cryopreserved in an extracellular-like solution (FGM:
Fibroblast Growth Media) or an intracellular-like solution (CryoStor) both containing 0–10% DMSO. Percent
Survival data were obtained using the alamarBlue® fluorescent probe at 24 hours post-thaw. Values are +/–
Standard Deviation of the Mean.
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processes remains, in its infancy, the literature base detailing this paradigm shift has rapidly
expanded over the last five years.

 

1.3.2 A

 

DVANCES

 

 

 

IN

 

 H

 

YPOTHERMIC

 

 STORAGE SOLUTIONS

As detailed in Chapter 2, the development and formulation of hypothermic storage solutions
involves addressing a complex array of factors. Many of these principles were applied in the
development of the first intracellular-like preservation media ViaSpan® (University of Wisconsin
Solution), by Southard and Belzer.5 Through solution design that addressed the complexity of factors
influencing cell viability, as understood in the 1980s, ViaSpan® proved successful at short-term
cell, tissue, and organ storage. The development of this single solution was essential to the appli-
cation, success, and expansion of the field of organ transplantation over the last few decades.
However, current day demands for hypothermic storage of cells, tissues, and organs challenge the
capabilities of ViaSpan®.

While few of the new solutions have overcome the many regulatory hurdles commonplace to
clinical settings, several solutions have been developed that show the promise of improved poststor-
age quality based on in vitro and in vivo studies. In 1995, Taylor et al.78 published on the development
of a new generation hypothermic storage solution termed HypoThermosol®. Throughout the 1990s,
studies of this solution focused on its utilization as a whole-body perfusate in support of ultra
profound hypothermic surgery in canine, rabbit, porcine, and nonhuman primate models. Based
upon the success of these studies, utilization was extended into cell and tissue systems in vitro in
the late 1990s. With successful translation in vitro, a series of studies were launched to look at the
comparative differences in solution composition effects at the cellular and molecular level.79 Studies
focusing on the effects of divalent cation disregulation, ion alternatives, free radical damage,
protease activation, etc. have appeared and helped to guide the development of hypothermic storage
solutions. Of these new directions in solution design based on cellular response processes, the
control of free radical accumulation during the preservation process has proven most beneficial to
date. Several recent reports by Mathew et al.14,79 have detailed the benefits of including specific
free radical scavengers in hypothermic preservation solutions. These studies, built on the solution
design approaches put forth by Southard et al.,5 and later refined by Taylor et al.78 demonstrated
that one could significantly improve hypothermic preservation efficacy as well as extend the
preservation window (cold storage time). More recently, Snyder et al.80 demonstrated that through
utilization of the hypothermic storage approach (solution) developed by Taylor et al.78 and modified
by Mathew et al.,79 one could also maintain cellular function at high levels. The resultant solution
HypoThermosol®-FRS was able to preserve cardiomyocytes in vitro for three days at 4°C while
maintaining cell viability and contractile function near nonpreserved control levels.

1.3.3 NEXT GENERATION CRYOPRESERVATION SOLUTION DESIGN

With cryopreservation advancement more dependent on mitigation of the molecular-based responses
to low-temperature exposure and storage, there is a growing recognition that cryopreservation
solution formulation requires attention to both physical and cellular related events.33,53 The under-
lying principles now recognized as essential to optimization of cryopreservation processes include
but are not limited to maintaining proper cold-dependent ionic ratios, control of pH at lowered
temperatures, prevention of the formation of free radicals and avoidance of their detrimental effects,
oncontic balance, the supply of energy substitutes, etc.6,33,53 In fact, the first attempt at addressing
these issues was through the simple addition of cryoprotective agents such as DMSO to hypothermic
storage solutions including ViaSpan® (University of Wisconsin solution).81–83 These studies showed
marginal improvement in cryopreservation outcome over classical approaches. In 1998 the first
report on the use of a newly designed hypothermic storage solution supplemented with DMSO was
shown to markedly increase cell survival in comparison to both classical approaches as well as the
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use of ViaSpan® + DMSO.84 Subsequent studies utilizing this platform solution59,85 and molecular-
based approach33,58,60 resulted in the development of the first intracellular-like cryopreservation
solution, CryoStor™. This approach has led to the paradigm shift related to the control of stress
response of cells during the preservation process in an effort to reduce the levels of post-thaw
apoptosis and necrosis. The combination of molecular control and classical cryopreservation prin-
ciples and the resultant technologies has proven to be extremely successful in improving preser-
vation efficacy in many cellular and tissue systems.

1.4 CLOSING THOUGHTS

It is now essential that we begin to integrate the disciplines of cellular biology, molecular biology,
cryobiology, etc. to effect improvement in preservation outcome. Many cell-based applications in
cell therapy, regenerative and reparative medicine, biobanking, tissue engineering, and drug dis-
covery require normal, predictable, and timely return to function of cellular systems following
preservation, which is often not the case with today’s standard technologies and approaches.
Furthermore, with the growing body of evidence suggesting that the often utilized, elevated levels
of cryoprotective agents, such as DMSO, impact and alter the cellular proteome, genome, and
fragmentome — in addition to cellular structures such as the mitochondria, cell membrane, and
nucleus — it is now becoming more imperative for the development of new approaches to afford
successful preservation.

The first generation of cryopreservation developments focused on structural preservation of
cells through the inclusion of penetrating cryoprotectants and the resultant management of ice and
chemosmotic perturbations. Second-generation strategies integrated with and improved upon pres-
ervation outcome through preservation solution designs that mitigated the detrimental effects of
preservation-induced oxidative stresses that directly contributed to the post-thaw launch of apoptotic
and necrotic cell death cascades (Delayed Onset Cell Death).33,53 The next generation of improved
preservation technologies will be linked to “management” of gene-regulated, stress-dependent
effects on the proteome and genome, which will likely require a near-team reassessment of the
inclusion of toxic/mutanagenic agents, such as DMSO, in preservation media.

The literature base utilizing the integrated approach to understanding and developing new
approaches for preservation continues to grow slowly. However, this growth is still significantly
outpaced by reports dedicated to methodological improvements focusing on more precise modeling
and analysis of physical parameters and volume shifts of cells undergoing preservation. While this
was the case in the past and still is today, it will mostly likely be a union between the optimized
structural preservation approaches and the cell-molecular-based approaches to preservation that
will ultimately yield true improvements in postpreservation outcome.
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2.1 INTRODUCTION

 

Transplantation science calls for effective methods of preservation since it is unavoidable that donor
cells, tissues, and organs are required to withstand a period of ischemia and hypoxia as part of any
transplantation protocol. Historically, interest in isolated organ preservation was recorded at the
beginning of the present century when Carrel was the first to explore techniques for preserving
tissues for the purposes of transplantation.

 

1–3

 

 Carrel was awarded the Nobel Prize in 1912

 

4

 

 and in
subsequent studies in the 1930s investigating normothermic organ perfusion with serum or synthetic
perfusates, he laid down the basic requirements for artificial perfusion technology relating to organ
preservation and cardiopulmonary bypass.

 

5

 

 It was recognized at that time that the viability of
perfused tissues depends on a variety of factors that remain pertinent today. These included the
need for the perfusion fluid (blood or synthetic solutions) to be free of emboli (gaseous or partic-
ulate), including agglutinated corpuscles if blood was used. Physical and chemical characteristics
of the perfusion medium were also recognized to be of crucial importance. These include temper-
ature, osmotic pressure, pH, oxygenation, and chemical composition.

 

5

 

During the next two decades perfusion techniques were improved and invariably combined
with hypothermia for effective preservation.

 

4

 

 While the protective effects of low temperatures have
been known and explored by mankind since the dawn of civilization and began to be documented
as early as the seventeenth century,

 

6

 

 the scientific basis for cell death following ischemia and its
amelioration by hypothermia has only begun to be understood during the past fifty years. The
modern era of low temperature cell preservation, which began in the 1950s, involves both hypoth-
ermic preservation at temperatures above 0

 

°

 

C and also cryopreservation at subzero temperatures
utilizing freezing or vitrification techniques. The fundamental basis of low-temperature preservation
is to use cold as a physical means of depressing function in a reversible way, i.e., to achieve a state
of “suspended animation.” The principles and mechanistic basis of cryopreservation that currently
permit a wide variety of single cells and some simple tissues to be stored indefinitely at deep
subzero temperatures will be discussed in other chapters. At present, most complex multicellular
tissues and organs cannot be cryopreserved without incurring intolerable levels of cryoinjury (see
References 7–9) and effective methods of preservation rely upon hypothermic storage at tempera-
tures above the freezing point. The purpose of this chapter is to summarize the basic principles
upon which mammalian cells can be safely held in suspended animation in the cold.

The cells of poikilothermic animals have adapted through evolutionary processes to survival
in the cold,

 

10

 

 but for the cells of euthermic animals, including man, cold is a stress that may be
tolerated depending upon the degree and duration.

 

11

 

 Some mammals have adapted to these cold
stresses through the process of hibernation, and emerging clues for the mechanisms involved may,
in the future, provide benefits for interventional strategies of hypothermic preservation of tissues
harvested from nonhibernators.

 

12–14

 

 What then is the scientific basis for the longstanding use of
hypothermia as the cornerstone of virtually all effective methods of multicellular tissue and organ
preservation? In this chapter, I will outline the basis for cell survival in the cold by considering
the cell in relation to its environment, the known effects of ischemia and anoxia, the influence of
hypothermia on ischemic events, and, finally, the strategies of interventional control of the extra-
cellular environment to optimize preservation.
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2.2 THE CELL IN RELATION TO ITS ENVIRONMENT

2.2.1 D

 

IFFERENCES

 

 

 

BETWEEN

 

 

 

THE

 

 E

 

XTRACELLULAR

 

 E

 

NVIRONMENT

 

 

 

AND

 

 

 

THE

 

 
I

 

NTRACELLULAR

 

 M

 

ILIEU

 

, 

 

AND

 

 T

 

HEIR

 

 C

 

ONTROL

 

A cell is defined morphologically by its limiting envelope, the plasma membrane, which separates
it from its neighbors in a tissue or from its fluid environment. Within the body, the extracellular
fluid bathing cells is maintained within closely regulated limits by a variety of control mechanisms
and cells maintain a different, but even more constant intracellular milieu. Figure 2.1 shows
schematically the contrasting balance of ions between the intracellular and extracellular spaces of
a typical mammalian cell, with the extracellular complement of ions representing the typical
composition of a balanced salt solution such as Ringer’s or Krebs’ etc. buffer solutions for

 

 in vitro

 

cell maintenance.
Cells are able to maintain a stable internal environment very different from that which surrounds

them by means of their membrane pumps, and principally by the sodium pump mediated by Na

 

+

 

-
K

 

+ 

 

ATPase. As illustrated in Figure 2.1, this is an energy-consuming process that extrudes sodium
and accumulates potassium in the ratio of 3:2 (i.e., the pump is electrogenic and contributes to the
cell membrane electrical potential). Each ion tends to diffuse back down its concentration gradient,
but because potassium diffuses out more rapidly than sodium can diffuse in, the net loss of cations
from the cell charges the cell membrane (negative internally). The voltage gradient also influences
the distribution of anions, and Cl

 

–

 

, which diffuses freely in response to the membrane potential, is
excluded. Therefore, the sodium pump in effect extrudes NaCl and, because the membrane is highly
permeable to water, an osmotic quota of water (180 molecules/solute molecule) leaves the cell with
the Na

 

+ 

 

and Cl

 

–

 

. Thus, the sodium pump controls cell volume as well as ion distribution and the
maintenance of the intracellular environment is dependent upon metabolic generation of high-
energy phosphates. 

 

FIGURE 2.1

 

Schematic diagram of a typical mammalian cell showing the contrasting balance of ions between
the intracellular and extracellular compartments. The cell expends energy in the form of ATP to fuel the
membrane pumps that maintain the ionic gradients as an integral component of cell homeostasis. (See text
for details).
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Apart from small inorganic ions, the cell contains a variety of small organic molecules and
metabolites as well as macromolecules that, unlike the inorganic ions, are not free to traverse the
cell membrane, but are confined within the intracellular compartment. This has important implica-
tions for the control of cellular hydration and volume, as depicted in Figure 2.2. Osmolality is a
colligative property and as such, depends upon the actual number of particles present in solution
rather than on the size or nature of the molecules.

 

15

 

 Hence, intracellular macromolecules themselves
contribute very little to the osmolality of the cell interior since they are present in relatively small
numbers compared with the number of small molecules and ions. However, macromolecules are
invariably highly charged, attracting a large number of small counter-ions that contribute signifi-
cantly to intracellular osmolality. In addition, a cell contains a high concentration of small organic
molecules as products of metabolic processes and these impermeable metabolites are also associated
with a complement of counter-ions (Figure 2.2). In contrast, the osmolality of the extracellular
fluid is due principally to small inorganic ions that leak slowly across the plasma membrane. The
distribution of these ions is governed both by the presence of the impermeant charged molecules
inside the cell and by the active ion pumps associated with the plasma membrane.

These factors give rise to a greater concentration of inorganic ions inside the cell than outside
at equilibrium, a phenomenon known as the Donnan effect.

 

16

 

 Details of these essential cellular
processes can be found in any standard physiology textbook

 

17

 

 and have been discussed in relation
to reduced hypothermic preservation by Pegg.

 

18,19

 

2.2.1.1 Osmotic Cell Swelling  

 

In essence, if the active ion transport processes are inhibited as a consequence of either energy
deprivation and/or temperature reduction, then the impermeant

 

 

 

solutes and colloidal material inside
the cell give rise to water uptake. This in turn reduces the concentration of salt below that of the

 

FIGURE 2.2

 

The cell in relation to its environment: schematic representation of the sources of osmolality
inside and outside of cells and the role of active transport processes in controlling cellular hydration and cell
volume. (See text for details).
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extracellular fluid and more salt penetrates making the cell hyperosmolar, thus inducing more and
more water uptake until the cell eventually bursts, an event known as membrane rupture. This
colloid osmotic swelling is a very significant factor in the cell’s relationship to its environment
since the semipermeability of cell membranes vis-à-vis ions is only effectively maintained by
metabolic processes that pump ions in or out of the cell. Where these processes fail the effective
semipermeability is lost and the result is colloid osmotic swelling and lysis. Obviously, this is a
very important phenomenon that has to be taken into consideration when designing methods of
hypothermic cell preservation as discussed below.

Similar considerations apply to the composition of interstitial fluid surrounding cells and the
plasma within capillaries. Because of the low permeability of capillaries to proteins, the interstitial
fluid normally has a low concentration of these plasma constituents, which are predominantly
serum albumin (67%; MW = 61,000) and serum globulins (30%) with much higher molecular mass
(~100,000 Daltons). The interstitial fluid can be considered as an ultrafiltrate of plasma with the
Gibbs-Donnan equilibrium applying to the distribution of ions.

 

17

 

 The circulation is therefore
responsible for maintaining a remarkably constant composition of the extracellular fluid with the
osmolality being controlled at about 300 m osmol/kg to equate with that of the cytosol within cells
as described above: cells will tolerate a perturbation of osmolality of only 10% without harm.

 

2.2.2 Essential Maintenance Processes

 

Under normothermic physiological conditions, control of a cell’s peculiar internal environment
with respect to its surroundings is a function of both the properties of the plasma membrane and
of the cell’s energy processes within the cell. The membranes are bilayer lipid-rich structures with
associated embedded proteins that invariably function as transmembrane transporters of ions and
small molecules, e.g., via specific channels. It is mentioned above that the plasma membrane
provides a selective barrier to the diffusion of ions and other solutes, the distribution of which is
regulated by active metabolic pumps that require a constant supply of energy. Adenosine triphos-
phate is the principal molecular store of chemical energy in the cell, and the biochemical pathways
involved in the catabolism of nutrient substrates into a form of energy useful for driving biosynthetic
reactions and other energy-requiring processes — such as control of the intracellular milieu — are
well known and described in any standard biochemistry text.

Figure 2.3 shows a simplified outline of the three principal stages of catabolism that lead from
basic nutrients through progressive oxidations to waste products with the yield of large quantities
of ATP. The three major pathways involved in the oxidation of glucose are glycolysis, the citric
acid cycle (Krebs cycle) and the electron transport chain. The glycolytic pathway is the only process
by which cells can obtain energy in the absence of oxygen (anaerobically) and although of limited
capacity this pathway is important for helping to sustain homeostasis in ischemic/anoxic cells.

 

2.2.3 Essential Role of the Circulation

 

In summarizing the fundamental processes of normal cellular function and homeostasis as a prelude
to discussing the nature of ischemic injury and its prevention, it is important to emphasize the
essential role of the circulation. The foregoing discussion has outlined in elementary terms the
well-known basics of how a cell is sustained for normal function and the composition of the
regulation of the interstitial fluid is an important function of the circulation. Other essential functions
include the provision of an internal heat transfer system that closely regulates the temperature of
tissues and organs. The circulation transports metabolites of which the fuels for respiration (glucose,
fatty acids, and ketone bodies) are most important in the short term. For most tissues, respiration
is predominantly aerobic with high demands for oxygen (e.g., 300 mL O

 

2

 

/min/g dry weight of
kidney renal cortex). The solubility of oxygen in tissue fluid is only about 24 mL/kg such that
inhibition of aerobic energy production is very rapid following the onset of ischemia. Other
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necessary metabolites, besides those required for energy production, including amino acids, vita-
mins, glutathione, coenzymes, and many other factors, are also supplied to cells via the circulation.
The catabolic products of cellular metabolism are removed by the vascular system. In light of the
crucial role of the circulation in sustaining the normal environment and metabolic needs of cells,
it is possible to appreciate the devastating consequences of a disruption to the vascular supply of
a tissue or organ. A brief consideration will now be given to the effects of ischemia as a preface
to a discussion of the positive and negative aspects of hypothermia as a protective modality against
ischemic injury.

 

2.3 A SYNOPSIS OF ISCHEMIC AND HYPOXIC INJURY

 

  

 

Interest in the pathophysiology of ischemia is not limited to just the transplantation community,
since an understanding of the detrimental effects of a reduced blood supply to tissues is also of
crucial importance in the treatment of cardiovascular diseases and neuropathological complications
of acute cerebral vascular occlusions, clinically considered stroke. Consequently, there now exists
a vast literature on the subject of ischemia and reperfusion injury and, although not yet complete,

 

FIGURE 2.3

 

A simplified diagram showing the principal stages of catabolism that produces ATP used to
drive biosynthetic reactions and other energy-requiring processes in the cell such as control of the intracellular
milieu. Under hypoxic or hypothermic conditions, glycolysis is the only process by which cells can generate
energy in an attempt to sustain homeostasis during ischemia (adapted from 
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a considerable understanding of the nature of ischemic injury has emerged. This can only be outlined
here in basic terms, but more complete accounts of the phenomena and mechanisms of ischemic
injury in relation to the isolation of organs for transplantation have been published in the past, and
a selection is cited here for reference.

 

18–20

 

 More recent accounts that focus on cellular and molecular
mechanisms are to be found in the literature relating to ischemia/reperfusion injury in the heart
and tissues of the central nervous system that are most sensitive to an ischemic insult.

 

21–26
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Excision of a tissue for transplantation means that ischemia is total and inevitable even though the
period may be brief. An immediate consequence of cessation of blood supply to an organ is
deprivation of the supply of oxygen to the tissues, but anoxia (total deprivation) or hypoxia (partial
deprivation) is only one of the many consequences of a lack of blood supply. A scheme for the
multifactorial cascade of events that ensue following the initiation of ischemia is depicted in Figure
2.4. The pivotal event is ATP depletion, which occurs within the first few minutes of oxygen
deprivation. This early event leads immediately to a shift from aerobic to anaerobic metabolism
(Pasteur effect), which very quickly becomes self-limiting with the production of lactate and
protons. Cell depolarization also occurs very early in the cascade leading to a breakdown of ion
homeostasis and a concatenation of other intracellular and membrane-associated events that even-
tually culminate in necrosis and cell death. A rise in the intracellular concentration of protons and
calcium is at the center of many of the mechanisms now recognized to be contributory to cell death
as a result of ischemia.

 

23,27

 

FIGURE 2.4

 

A scheme for the principal metabolic and ionic changes that proceed after the initiation of
ischemia. The pivotal event is ATP depletion, which occurs within 1–2 minutes of oxygen deprivation. This
early event leads immediately to a shift from aerobic to anaerobic metabolism, which very quickly becomes
self-limiting with the production of lactate and H

 

+

 

. Cell depolarization also occurs very early in the cascade
leading to a breakdown of ion homeostasis and a concatenation of other intracellular and membrane-associated
events that eventually culminate in cell death. A rise in the intracellular concentration of protons and calcium
is at the center of many of the mechanisms now recognized to be contributory to cell injury as a result of
ischemia.
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It is well known that different cells have different susceptibilities to ischemic injury and this
is due largely to a higher metabolic activity in the more sensitive tissues requiring a greater ongoing
production of ATP. The progression from early onset reversible changes to subsequent irreversible
injury is both time and temperature dependent. Moreover, a precise distinction between reversible
and irreversible injury is difficult to specify. While some intermediate events such as ionic shifts
may or may not be readily reversible, structural alterations in organelles, especially the mitochon-
dria, are generally regarded as early signs of irreversible damage and the rupture of cell membranes
is unequivocally fatal for the cell. Reduced temperatures can delay the progression towards a state
beyond which cells are unable to recover normal function, and this is the basis of hypothermic
preservation as discussed below. Under warm ischemic conditions, the time available during which
cells will sustain only reversible changes is very restrictive for clinical procedures. For example,
those tissues most sensitive to ischemia (e.g., heart and brain) are irreversibly damaged within a
few minutes such that hypothermia is often needed as an adjunct to protect these organs 

 

in vivo

 

during complex surgeries requiring lengthy periods of circulatory arrest.

 

28

 

 The ischemic tolerance
of the brain is known to be only 6 minutes at 37°C, but is extended to nearly 60 minutes when
body temperature is reduced to 17°C (see Reference 28). During global warm cerebral ischemia,
the high-energy phosphate stores of creatine phosphate are depleted within one minute; glucose
and glycogen stores within 4 minutes; and ATP reserves within 5 to 7 minutes.

 

29

 

 In contrast, some
transplantable visceral organs such as the kidneys are able to tolerate much longer periods of warm
ischemia. Detrimental changes occur first and become most severe in the proximal convoluted
tubules. Gross ischemic changes in some tubules are observed after 30 minutes, with total necrosis
of the majority of tubules after 60 minutes. Nevertheless, 90% of experimental animals survived
with kidneys that suffered 30 minutes of warm ischemia and 75% survived after 60 minutes of
ischemia, showing that much of the damage is recoverable despite evidence of permanent histo-
logical injury.

 

30

 

The heart is highly intolerant of ischemia and continues to challenge researchers to devise ways
of extending and improving methods of myocardial preservation. The heart is an obligate aerobic
organ and the myocardium is exquisitely sensitive and dependent upon a continuous and adequate
supply of oxygen for maintenance of normal contractile function. For the purposes of this discussion,
it is appropriate to focus on the heart to summarize the effects of ischemia (depicted schematically
in Figure 2.4), which must be alleviated in order to prolong preservation.

Under aerobic conditions, mitochondrial oxidative phosphorylation provides the primary energy
source for the myocardium, which is able to use a variety of substrates such as glucose, free fatty
acids, lactate, pyruvate, acetate, ketone bodies, and amino acids.

 

31

 

 Myocardial oxygen reserve is
exhausted within 8 seconds following the onset of global ischemia, and aerobic production of ATP
ceases as the tissue oxygen tension falls below 5 torr.

 

32

 

 During the first phase of ischemia, the
myocardium depends upon energy production from glycogenolysis and anaerobic glycolysis. How-
ever, this pathway is an intrinsically inefficient way of maintaining myocardial ATP and is ultimately
inhibited during prolonged ischemia by the accumulation of glycolytic metabolic degradation
products (NADH, lactate and H

 

+

 

).
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 ATP stores are temporarily buffered by the pool of creatine
phosphate (CP), but this declines rapidly and is essentially depleted within 20 minutes of the onset
of global ischemia.

 

34

 

 During the initial 5

 

–1

 

0 minutes of ischemia, ATP levels do not drop signifi-
cantly, but decline to 50

 

–6

 

0% of pre-ischemic levels during 30 minutes of interrupted coronary
circulation.

 

34

 

An important consequence of the increased glycolysis and ATP hydrolysis is the accumulation
of protons in the cytoplasm, giving rise to a progressive development of intracellular acidosis.

 

35,36

 

Apart from contributing to metabolic block of the residual glycolytic energy production by inhib-
iting key enzymes (e.g., phosphofructokinase), protons also contribute to the activation of lysosomal
hydrolases

 

37

 

 and lipoprotein lipase.

 

38

 

 This, coupled with proton-induced Ca

 

2+ 

 

shifts and pH-induced
membrane conformational changes, contributes significantly to increased membrane permeability.

 

2772_C002.fm  Page 22  Thursday, July 13, 2006  10:38 AM

© 2007 by Taylor & Francis Group, LLC



 

Biology of Cell Survival in the Cold: The Basis for Biopreservation of Tissues and Organs

 

23

 

As ischemia progresses, transmembrane ionic gradients are dissipated resulting in the loss of
intracellular K

 

+

 

 and accumulation of Na

 

+

 

 and Cl

 

–

 

 due to the metabolic inhibition of Na

 

+ 

 

-K

 

+ 

 

ATPase.

 

33

 

It is described in detail above that this in turn leads to osmotic cell swelling.

 

39

 

 A decrease in
intracellular pH also facilitates Na

 

+

 

-K

 

+

 

 exchange, exacerbating intracellular Na

 

+

 

 overload.

 

40

 

 This
in turn contributes to an increase in cytosolic-free Ca

 

2+ 

 

by facilitating extracellular Ca

 

2+

 

 uptake via
the Na

 

+

 

-Ca

 

2+ 

 

exchange mechanism.

 

40,41

 

 Other mechanisms, including inhibition of the energy-
dependent sarcoplasm reticulum uptake of Ca

 

2+

 

 in myocardium

 

42

 

 and excitatory amino acid stim-
ulation of neurotransmitter receptors/channels in neuronal tissue,

 

27

 

 further contribute to a massive
rise in intracellular Ca

 

2+

 

. The rise of [Ca

 

2+

 

]

 

i

 

 is further known to activate Ca-dependent phospholi-
pases, phospholipase A

 

2

 

, and phospholipase C,

 

43–45

 

 as well as proteolytic enzymes, which are also
responsible for membrane injury. These enzymes do not require oxygen or energy and so may
function during or after ischemia. Hydrolysis of the membrane phospholipids releases free fatty
acids (FFAs), which have detergent properties that can destroy the lipid portions of all membranes.
The major FFA is arachidonic acid, which can be metabolized to free radicals, prostaglandins, and
leukotrienes, which can produce further changes in membrane permeability and ion distribution.

 

46

 

It is further indicated in Figure 2.4 that increasing concentrations of intracellular calcium also
activate enzymes that can convert xanthine dehydrogenase to xanthine oxidase, which is known to
enhance superoxide formation from hypoxanthine, especially during reperfusion.

 

47

 

It is now understood that calcium serves as a key messenger and modulator of intracellular
signaling reactions, which affect certain enzymes, the membrane permeability, and transmitter
release. Cells maintain an enormous gradient of calcium concentration across the plasma membrane
(10,000:1) and the influx potential is controlled by both voltage-sensitive channels and receptor-
controlled channels. Calcium efflux is via a Ca

 

2+ 

 

translocase and a Na

 

+

 

-Ca

 

2+ 

 

exchange mechanism,
both of which require energy. Also, calcium uptake into cellular organelles is energy dependent.
During ischemia, Ca

 

2+

 

 enters the cell through both types of channels and, coupled with a reduced
uptake by organelles, accumulates in the cytosol. This intracellular overload appears to be one of
the common pathways leading to irreversible cell damage by the mechanisms summarized above.

 

27

 

2.3.2 S
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As mitochondrial oxidative phosphorylation is the first casualty of ischemia, it is not surprising
that structured alterations in the mitochondrion are regarded as early and sensitive indicators of
ischemia and have been the subject of extensive study.

 

48

 

 Detectable changes do not occur imme-
diately, and first changes, manifest by disappearance of glycogen granules, lysis of cristae, and
swelling, have been demonstrated after 30 to 40 minutes of ischemia in the human myocardium
during cardiac surgery. At the later stages of ischemia, severe ultrastructural damage becomes
evident and is characterized by extensive mitochondrial damage, pyknotic nuclei, cellular swelling,
myofibrillar disruption, and the appearance of contracture bands.

 

49

 

 After 40 minutes of normoth-
ermic ischemia, irreversible changes take place and reperfusion at this stage leads to explosive cell
swelling, deposition of calcium phosphate, and intense ischemic contracture resembling rigor
mortis.

 

2.3.3 V

 

ASCULAR

 

 I

 

NJURY

 

 D

 

URING

 

 

 

AND

 

 S

 

UBSEQUENT

 

 

 

TO

 

 I

 

SCHEMIA

 

  

 

In addition to the injury sustained by parenchymal cells, it is now well established that ischemic
organs are subject to further modes of injury relating to vascular effects. These are collectively
referred to as the “no-reflow” phenomenon and “reperfusion injury,” which has itself been shown
to be a distinct phenomenon characterized by ultrastructural, functional, and metabolic alterations.
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2.3.4 NO-REFLOW

A well established concern in isolated organ preservation for transplantation is that blood flow can
fail to return in an organ that has suffered a period of ischemia.50 Clearly, this is of great importance
in determining the fate of the transplanted organ, the health and viability of which depends critically
upon the patency of its vascular network. Various mechanisms have been proposed to account for
this phenomenon, which is also of crucial importance for the outcome of hypothermically stored
organs. Contributory factors include ischemically induced vascular collapse; osmotic swelling of
vascular endothelium leading to increased vascular resistance and vessel occlusion; and erythrocyte
clumping producing blockage of capillaries and the formation of infarcts. The increased rigidity
of red cells due to ATP depletion is considered to be a principal cause of reduced deformability
and the most significant component of the no-reflow phenomenon. Weed et al. proposed that ATP
normally chelates intracellular calcium and, when ATP is no longer available, calcium binds to
membrane proteins, rendering the membrane more rigid.51 Additionally, it is known that the
capillaries become increasingly leaky to protein after more than 30 minutes of ischemia, which
would lead to loss of the oncotic pressure that retains fluid in the capillaries, and, hence, to an
increase in the hematocrit within the vessels. This, in turn, would increase viscosity dramatically
and lead to stagnation.52 No reflow during rewarming and reintroduction of blood into cold ischemic
organs is now known to involve a network of complex interactions between vascular endothelium,
blood components, and free radicals that is referred to as reperfusion injury (see References 23,
53, 54).

2.3.5 REPERFUSION INJURY

The concept of reperfusion injury comes from the well-known fact that making a tissue hypoxic
does not necessarily produce injury, but after reperfusion such tissues show marked and occasionally
severe damage. Several possible interacting mechanisms of reperfusion injury are often described
and include the following:23,53,54

1. Cell-derived free radicals (the oxygen paradox)
2. Actions and products of inflammatory cells in the blood, especially neutrophils and

platelets
3. Effects of intracellular calcium accumulation (the calcium paradox)
4. Loss of membrane phospholipids

A complete understanding of the various proposed mechanisms of reperfusion injury is far
from clear and remains under intensive investigation. While a detailed discussion of the various,
seemingly disjointed hypotheses is beyond the scope of this article, it is appropriate for subsequent
discussion of the effects of hypothermia to include a few salient comments regarding the role of
free radicals.

During the past decade, oxygen-derived free radicals (ODFR) have been the focus of attention
as mediators of various tissue injuries and particularly microvascular injury.23,25 A free radical is a
molecule with an odd, unpaired electron in its outer shell (denoted by a dot, thus R•), and this
chemically “unsatisfied” electron renders the molecule highly unstable and reactive. Free radicals
are inherently damaging since this high reactivity can precipitate chain reactions that produce
increasingly reactive and toxic free radicals. Reactive species derived from oxygen are generated
because oxygen normally undergoes tetravalent reduction to water by accepting four electrons
simultaneously in the mitochondrial cytochrome oxidase system. However, as much as 2% of
cellular oxygen undergoes univalent reduction, accepting one electron at a time and creating a
superoxide anion (O2

– •), hydrogen peroxide, and eventually a hydroxyl free radical (OH•), thus the
following equation:
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The hydroxyl free radical is the most reactive of all and will oxidize any organic molecule
almost instantaneously. The small quantities of free oxygen radicals produced during a cell’s normal
metabolism are detoxified by the enzyme superoxide dismutase (SOD):

This protective enzyme occurs in all aerobic tissue but is found in substantial quantities only
inside the cell. ODFRs are also detoxified by the naturally occurring enzymes catalase and perox-
idase. During ischemia, the production of hypoxanthine is greatly increased as a result of the
catabolism of ATP as shown on the left of Figure 2.4. In the absence of oxygen, the enzyme xanthine
dehydrogenase (type XD) is converted to xanthine oxidase (type XO), which converts hypoxanthine
to xanthine and this reaction also involves calcium. During reperfusion when the ischemic tissue
is again exposed to oxygen, xanthine oxidase catalyzes the generation of superoxide radicals in the
following reaction:

In tissues such as the myocardium, defense mechanisms against superoxide-mediated ischemic
injury are well developed in the form of scavenging enzymes. These may be antioxidants, such as
glutathione peroxidase and catalase, or chain breaking antioxidants, such as SOD, ascorbate (vita-
min C), and α-tocopherol (from vitamin E). The emerging role of ODFR in ischemic injury has
raised the question as to whether or not injury ascribed to ischemia is in fact reperfusion injury
that is initiated by ischemia, but precipitated by reperfusion. This has led to the concept of
scavenging free radicals during both ischemia and reperfusion. The role of drugs like allopurinol,
which inhibits xanthine-oxidase in preventing superoxide-mediated injury, is therefore readily
apparent. Also, compounds that chelate those transition metals like iron — which are known to
catalyze the formation of free radicals and thereby contribute to tissue injury by initiating and
propagating lipid peroxidation — have been shown to ameliorate tissue damage.55 For example,
desferroxamine inhibits the Haber-Weiss reaction or more efficient Fenton reaction in which highly
reactive hydroxyl radicals are generated when H2O2 accepts an electron from a reduced metal ion
such as Fe2+25.

The end result of prolonged ischemia is cell death mediated by the mechanisms outlined above,
which characterize the process of necrosis, or pathological cell death. An alternative mode of cell
death involving a programmed or regulated process involving de novo gene transcription, and
referred to as apoptosis, is discussed briefly below in the context of hypothermic preservation.

The culmination of the cascade of interactive ischemic events is a tissue that is unable to resume
its normal function upon restoration of its blood supply. The sequence of injurious processes
advances at such a rate that irreversible damage is sustained by most organs within one hour of
ischemia at 37°C, and at much shorter times in highly metabolic tissues such as cardiac muscle.
The role of low temperatures in protecting against ischemic injury and providing a means for
preserving tissues will be considered in the remainder of this chapter.

2.4 HYPOTHERMIA IN RELATION TO ISCHEMIC EVENTS

Cooling cells to varying degrees has proved to be the foundation of nearly all effective methods
of viable tissue preservation. However, the consequences of cooling are not exclusively beneficial
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in combating the effects of ischemia, and hypothermic protection is a compromise of the benefits
and detriments of cooling as outlined in the ensuing discussion.

2.4.1 GENERAL SUPPRESSION OF REACTION RATES

The fundamental basis of all biologic and chemical processes is molecular activity and mobility,
which are governed by thermal energy. This means that as temperature is lowered molecular motion
is slowed.15 The removal of heat from a system slows down both physical and chemical processes
in proportion to the loss of heat and therefore to the fall in temperature. Physical phenomena such
as osmotic pressure depend solely on the rate of molecular motion so that the decrease in the rate
of the process is proportional to the fractional change in absolute temperature. Many chemical
reactions, however, depend upon an energy of activation, which is the minimum energy required
for molecules to react. This results in a special relationship between the rate of reaction and
temperature described originally by Arrhenius and outlined below (see15). Since the processes of
deterioration associated with ischemia and anoxia are mediated by chemical reactions, it has proved
well founded to attempt to prevent or attenuate these changes by cooling. Biochemical processes
involve molecular interactions that are invariably catalyzed by enzymes in reactions that require
energy input from cellular stores such at ATP or creatine phosphate. Cooling can affect all com-
ponents of these reactions including the energy status of the substrate molecules, the stability of
the enzyme protein, and the capacity of the cell to supply biological energy. The rate of biophysical
processes such as diffusion of ions and osmosis declines linearly with temperature by approximately
3% per 10°C. It is apparent, therefore, that biophysical events are relatively only slightly affected
by the comparatively modest temperature changes imposed during hypothermic storage of tissues
for transplantation. It is only at much lower temperatures that the rate of biophysical processes
becomes significantly important, especially at subzero temperatures when phase changes lead to
both ice formation and solute concentration changes.7,9,15

By comparison, the rate of chemical reactions, including the biochemical processes that con-
stitute metabolic activity, is slowed significantly more by a given degree of hypothermic exposure.
It is well established that within the temperature range 0–42°C oxygen consumption in tissues such
as kidney, liver, and heart decreases by at least 50% for each 10°C fall in temperature.18,56 Oxygen
consumption (VO2) is a reasonable measure of metabolic activity since for practical purposes, tissue
and cellular stores of oxygen do not exist and cells rely upon the circulation to deliver oxygen in
quantities determined by the rate of O2 consumption. The magnitude of decrease of VO2 by cold
storage is therefore regarded as an index of the degree of reduction of metabolic activity. For tissues
having a high rate of metabolism, such as the brain VO2 at 5°C has been estimated to be 6% of
the normothermic rate.28,57 The quantitative relationship between energy requirements for biochem-
ical processes and temperature changes have been expressed mathematically in different ways:

1. The Arrhenius Relationship: Biochemical processes, in common with all chemical reactions,
occur only between activated molecules the proportion of which in a given system is given by the
Boltzman expression exp (-E/RT) where E is the activation energy, R is the gas constant, and T is
the absolute temperature. According to the Arrhenius relationship, the logarithm of the reaction
rate (k), is inversely proportional to the reciprocal of the absolute temperature:

-log k = A(-E/2.3 RT)

A graphical plot of log k against 1/T will yield a straight line with a slope of E/2.3R if the
relationship represents a single rate-limiting step. However, many examples in the literature dem-
onstrate discrete “breaks” in the linearity of Arrhenius plots as illustrated in Figure 2.5 and discussed
below.58,59
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FIGURE 2.5 Arrhenius plots depicting the effect of temperature on ADP-stimulated respiration in mitochon-
dria from four different species. (Adapted from Southard et al.59).
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2. Van’t Hoff Rule60 relates the logarithm of a chemical reaction rate directly to temperature
and is commonly expressed in the form of the respiratory quotient or temperature coefficient, Q10,
where Q10 is the ratio of reaction rates at two temperatures separated by 10°C. Accordingly,

Q10 = (K2/K1) 10(T2–T1).

For most reactions of biological interest Q10 has a value between 2 and 3, but some complex,
energy-dependent reactions have a Q10 between 4 and 6, and are more likely to stop completely at
low temperatures.61 Both Q10 and Arrhenius plots have been used to quantitate changes in metabolic
processes occurring in biologic systems, whether they are enzyme reactions in single cells or the
oxygen consumption of the entire human body. The Q10 for whole-body oxygen consumption is
approximately 2, indicating that, in general, metabolic rate is halved for each 10°C drop in
temperature.28 Some individual tissues, however, have been shown to exhibit a Q10 as high as 5 to
8, demonstrating the profound effect cooling can have on retarding reaction rates.58

The impact this cooling effect has on ischemic tolerance is amply illustrated by data from
hypothermic preservation of mammalian kidneys. It is explained above that kidneys can tolerate
only about 45 minutes of warm ischemia before incurring irreversible injury. However, tolerance
is extended to 2 hours at 15 to 25°C,62 6 to 7 hours at 5 to 15°C63 and 12 hours at 0°C without
serious injury.64 The same holds true for tissues that are exquisitely sensitive to ischemic injury
such as the myocardium and neuronal tissue.28,65 For example, based upon the estimate that VO2

for the brain is 6% of the normothermic rate at 5°C, Bering postulated that the brain may tolerate
ischemic periods for up to 3 hours at temperatures below 5°C.57 This has proven to be consistent
with our own recent demonstration of hypothermic protection of the heart, brain, and visceral
organs during 31/2 hours of cardiac arrest and whole-body asanguineous perfusion at 7°C.28,66,67

Importantly, it should be pointed out here that the ischemic tolerance of organs both in situ and ex
vivo is not only a function of temperature reduction per se, but is also maximized by manipulation
of the extracellular environment of the component cells in terms of the chemical composition of
the perfusate. I will return to this important consideration in subsequent discussions below.

2.4.1.1 Metabolic Uncoupling

While it is clear that cooling has a profound effect upon biochemical reaction rates and that this
in turn can slow degradative processes and reduce the rate of substrate and energy depletion, it is
important to realize that not all reaction rates are affected to the same degree, or even in the same
manner, by cooling. For example, Southard et al. studied the comparative effect of temperature on
the rate of a membrane-bound enzyme catalyzed reaction and ADP stimulation of respiration in
mitochondria isolated from the kidney cortex of four species commonly used for transplantation
studies, including human.59 Their findings are summarized in Figure 2.5, which shows that the
Arrhenius plots appear discontinuous with “break” points at 15°C or higher for dog, pig, and human
and at 10°C for rabbit. Dog and pig mitochondria showed the greatest increase in activation energy
at temperatures below the break point. In general, an Arrhenius plot with a distinct “break” has
been taken to indicate that the rate-limiting step has changed but the Arrhenius Law still holds true
on either side of the break. Although the interpretation of discrete changes in the slope of Arrhenius
plots has been contentious, the Lyons-Raison phase change hypothesis of chilling injury has received
much attention and general acclaim.68 This hypothesis states that at a certain critical temperature
within the chilling injury range, the membrane lipids undergo a transition from a liquid-crystalline
to a solid gel state.69,70 As illustrated in Figure 2.5, the same phenomenon has been demonstrated
in the cells of mammalian organs,58,59 and the two main consequences of the transition thought to
eventually result in cell injury are an increase in membrane permeability (discussed further in a
subsequent section), and an increase in the activation energy of membrane-bound enzymes. While
an increase in E in itself may not be damaging to a cell, it has been proposed that the damage is
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probably responsible for the different behavior of soluble enzyme systems and membrane-associated
enzyme systems. Thus, the result would be the accumulation or depletion of metabolites at the
point of entry into mitochondria. Hence, the membrane phase transitions in subcellular membranes
could cause metabolic imbalance and provide one component of injury sustained by homeothermic
cells during cold exposure.

One interpretation of cold resistance in various cold-adapted species is that their cell membranes
maintain a greater degree of fluidity at low temperatures compared to most normothermic, non-
cold adapted species. Although the role of membrane fluidity and phase transitions in cold adaptation
has not been accepted unequivocally, it has been demonstrated in mitochondria from a
warm-blooded species (dog) that low levels of membrane lipid perturbers such as adamantine
(cyclodecane) can abolish the discontinuity in the Arrhenius plot, suggesting that membrane fluidity
had been increased during cold exposure.59 Other lipid perturbers (e.g., Butylated hydroxytoluene)
have been shown to protect homeothermic cells against cold shock, which occurs during rapid
cooling from normal temperatures to 0°C.71 Nevertheless, this potential mode of protection for
mammalian organs during cold storage has not yet been widely investigated as an interventional
strategy.

The data of Southard et al., illustrated in Figure 2.5, also emphasize that caution should be
exercised when comparisons of cellular responses to cold are made between species. It can
further be appreciated that if a single biochemical process — in this case ADP-stimulated
mitochondrial respiration in the kidneys from four different euthermic species — is affected
differently by cooling, that it is also likely that the different biochemical reactions within a
given cell will not be affected to the same extent, or in the same way, by a reduction in
temperature. Figure 2.6 shows schematically the large number of different, integrated chemical
reactions that constitute common metabolic pathways within a cell. Each of these reactions will
be affected in a different manner and to a different degree by cooling, and so the possibility
exists for uncoupling reaction pathways and producing harmful consequences. This type of
metabolic perturbation is largely beyond the influence of investigator intervention since it is not
possible to select which processes will be depressed by cooling. It is nevertheless important for
optimal preservation that any cold-induced dislocation of interconnected pathways is fully
reversible or recoverable upon rewarming and reperfusion.

2.4.1.2 Optimum Temperature for Hypothermic Storage

Cooling prolongs in vitro survival because it slows metabolism, reduces the demand for oxygen
and other metabolites, and conserves chemical energy. However, it does not affect all reactions to
the same extent, and the net result of cooling on integrated metabolizing systems is complex, not
entirely predictable, and not completely understood. The application of mathematical relationships
such as the Arrhenius and the Van’t Hoff rules to help quantitate, predict, and understand the
mechanisms of hypothermic preservation are somewhat simplistic since they relate to temperature
change as the only variable. Nevertheless, this has proved useful in practice because the complexities
of cooling integrated tissues and organs do not permit convenient separation of the interacting
variables that affect the outcome of hypothermic preservation. Moreover, the effect of hypothermia
per se on transplanted tissues and organs is confounded by the effects of prior warm ischemia and
hypoxia that will undoubtedly influence the susceptibility and response of component cells to
cooling.

Using tissue culture cells as an experimental model, Kruuv et al. have examined the effects of
pure hypothermia on cell viability in the absence of any prior hypoxia.72,73 They showed that the
Arrhenius plot of inactivation (killing) rates of cells exposed to reduced temperatures changes slope
at approximately 7 to 8°C, implying that there are distinct mechanisms of hypothermic inactivation
above and below this transition temperature. In the range of 8 to 25°C, the activation energy from
the Arrhenius plot for control cells is about 15 kcal/mol, which falls within the range of temperature
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coefficients of metabolic processes (10–30 kcal/mol) and much lower than that for protein dena-
turation. Below 8°C, the magnitude of the apparent activation energy is large (–61 kcal/mol). These
values have been interpreted to suggest that unbalanced metabolism is probably the rate-limiting
step for hypothermic inactivation in the higher temperature range, and membrane lipid phase
transition or cold denaturation of a critical protein is likely to be responsible for the strong
temperature dependence in the lower range. It is apparent, therefore, that the optimum temperature
for hypothermic storage will depend upon a variety of factors involving the interaction of hypoth-
ermia, the nature of the cell, and the chemical composition of its environment. This is well illustrated

FIGURE 2.6 Schematic diagram illustrating the complexity of integrated biochemical pathways in a typical
cell. About 500 common metabolic reactions are shown with each metabolite represented as a filled circle.
The centrally placed reactions of the glycolytic pathway and TCA cycle are shown as bold. A typical
mammalian cell synthesizes more than 10,000 different proteins, a major proportion of which are enzymes.
(Adapted from Alberts et al.235).
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by reference to the voluminous literature relating to the role of hypothermia in protecting the
ischemic heart and the associated design of cardioplegic solution. Although the ability of hypoth-
ermia to reduce myocardial energy demand is well established, the importance of its contribution,
the optimum temperature, and the possibility that some cellular injury may be induced by the
cooling have been debated and widely reported (for example, see citation 74). A summary statement
will suffice for the purpose of the present discussion.

The first point is that because electromechanical work accounts for approximately 85% of the
oxygen demand of the myocardium, chemical arrest of the heart in diastole, with agents such as
potassium or magnesium, is an important addition to hypothermia to achieve optimum preservation.
Although hypothermia can abolish organized myocardial contractions, energy-consuming ventric-
ular fibrillation can persist even at low temperatures. It is well established that irrespective of the
temperature, the myocardium is best preserved during global ischemia by the combination of
chemical and hypothermic arrest. With respect to temperature, the general consensus from a variety
of experimental and clinical observations is that maximal myocardial preservation during ischemic
arrest is best achieved in the range of 10 to 20°C. For example, Tyers et al. showed that metabolic
recovery was best when the myocardium was kept at 10 to 15°C with rapid reperfusion recovery
of high energy phosphates and glycogen, compared with metabolic deterioration at 4°C.75 Shragge
et al.76 progressively lowered the myocardial temperature in vitro to 0.5°C and found no significant
decrease in the concentration of ATP or the glycogen stores in the nonanoxic hearts. These findings,
confirmed by others, led to the conclusion that hypothermia in the absence of ischemia is not
harmful to the myocardium. Such conclusions do not, however, account for the rate of cooling that
in other cellular systems is known to influence cold-induced injury by way of an ill-defined
mechanism termed “thermal shock” (see below).

The second point to note is that it has been suggested that the safe period of ischemia can be
increased by adding oxygen to the cardioplegic medium in order to satisfy the small but continued
metabolic demands of the cold arrested heart.77 The oxygen consumption of the ischemic myo-
cardium at 15°C is 0.27 mL O2/min/100g tissue. Nonoxygenated crystalloid (asanguineous salt
solution) cardioplegic solution administered at 10°C contains 0.86 ml O2/100 ml of solution,78

and so a prohibitively large volume of cardioplegic solution would have to be injected into the
coronary circulation to avoid a myocardial oxygen debt occurring within a few minutes. Moreover,
it has been shown that enhanced myocardial protection can be achieved by using oxygenated
media in the form of either sanguineous or asanguineous solutions.79,80 In principle, the advantage
of delivering oxygen (and possibly other crucial metabolites) to the arrested heart is the mainte-
nance of cell respiration and oxidative phosphorylation during global ischemia at temperatures
that permit significant metabolism to proceed (10–20°C). This is in contrast to the strategy of
tissue-suspended animation at lower temperatures (ice storage 0–4°C) where the objective is to
reversibly inhibit all cellular function. The former strategy of metabolic support during hypoth-
ermic storage at ~10°C may demand continuous perfusion to supply essential substrates and
remove toxic catabolic products. The practical implications of this are discussed below and
elsewhere in this book (see Chapter 9).

Although tissue energy requirements are minimal at deep hypothermic temperatures, there are
suggestions that constant supply of oxygen along with adenosine as a precursor to the ATP will
result in superior ATP levels81–86 and minimum oxidative and metabolic stress in preserved tissues.
However, there is no clear consensus among the research community about the need for oxygen
supply during hypothermia. It has been assumed that low concentrations of molecular oxygen, such
as that dissolved in organ preservation solutions, is sufficient to support the generation of free
radicals during prolonged storage.87,88 Therefore, it is recognized that hypothermia may set the
stage for a progressive development of tissue injury as a result of reactions and processes that occur
during hypothermia, but that fuel changes that proceed for a considerable time after normal
conditions of temperature and oxygen tension are resumed. Others have shown that a moderated
oxygen tension is beneficial during hypothermic preservation, which suggests that oxidative stress
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can lead to adaptation in tissues and increased production of antioxidants. It has been shown in
experimentation that rats that were gradually exposed to oxygen increased their production of
antioxidants in lungs.89 Nevertheless, numerous investigations have suggested that oxygen supply
is essential during hypothermic preservation of livers.90–92 Recent studies on survival
transplantation93 of rat livers from donors with nonbeating hearts suggest that the saturation of UW
solution with atmospheric air is a primary requirement for the preservation and restoration of ATP
levels and mitochondrial functions.94,95 Previous studies by Stubenitsky et al. have also shown that
the oxygenated hypothermic preservation of warm ischemic kidney slices can restore normal tissue
ATP levels.96 More investigation is required to arrive at a consensus on optimum oxygen tension
requirements that can provide superior graft function and prevent oxidative damage.

There is strong evidence, therefore, that optimum preservation of tissues and organs by using
low temperatures requires careful consideration of the storage temperature in relation to other
important factors including the characteristics of the cell, its environment, and the strategy adopted
to effect maximum protection. The effect of hypothermic storage temperature per se has not been
studied extensively in a wide variety of systems but the available evidence to verify this as a general
effect extends beyond tissue culture cells and heart preservation outlined above. For example, in
kidney preservation studies, Hardie et al. found 5°C to be superior to storage at 0.5°C and Pegg
et al. showed significantly better preservation at 10°C compared with storage at 5°C.97 Even in
whole-body protection during hypothermia, we have demonstrated improved outcome in a canine
model when the nadir temperature during several hours of hypothermic cardiac arrest was 7°C
compared with 1.5°C.28

2.4.2 EFFECT UPON ENERGY METABOLISM

Under normal circumstances the supply of energy-rich compounds to fuel a cell’s requirement for
homeostatic control is continuously replenished by oxidative phosphorylation in the mitochondria.
During cooling, however, there is a progressive exhaustion of chemical energy reserves in a cell
despite the general suppressive effect of cooling on metabolism. Studies that clearly demonstrate
the rapid depletion of adenine nucleotides during cold storage of organs at 0 to 2°C are suggestive
that mitochondrial function is severely impaired by hypothermia.98 However, it has been demon-
strated in the liver, for example, that the same tissues stored at 8 to 10°C can reestablish ATP
reserves if an adequate supply of oxygen is maintained by continuous perfusion as discussed
above.94,95,99 Moreover, it has also been established during hypothermic kidney preservation that
the balance between glycolysis and complete oxidation of fatty acids at l0°C is controlled by the
oxygen tension. Pegg et al. showed that glycolysis provided the principal source of energy at l0°C
when the pO2 =150 mm Hg, but that oxidation of caprylic acid provided the main fuel when pO2

was raised to 650 mm Hg.88 Furthermore, it had previously been demonstrated by Huang et al.
using well-oxygenated kidney cortex slices that the preferred substrate for energy metabolism was
also markedly influenced by temperature. Under normothermic conditions glucose, amino acids,
ketone bodies, and fatty acids were all utilized, but only short-chain fatty acids and ketone bodies
were consumed at 10°C.100 Clearly, the effect of cooling on metabolism is complex and should not
be regarded as causing a simple uniform retardation of all biochemical reactions.

The effects of cooling on mitochondrial processes are especially important for the outcome of
cell preservation since it is essential for cell viability that the energy status is either maintained
during storage or readily reestablished during rewarming. The crucial importance of this is readily
appreciated in regard to the hypothermic storage of myocardial tissue, which is widely recognized
to have special demands for its preservation compared with other organs.101 One fundamental
difference between the heart and other transplanted organs that is reflected in the tolerance to cold
ischemia is that the heart, as a contractile organ, must be able to sustain 90% of its function very
soon after rewarming and reperfusion in order to be life sustaining. The heart, therefore, has much
greater energy demands upon reperfusion for immediate mechanical work and adequate contractile
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function. The myocardium is known to be predisposed to ischemic contracture during prolonged
cold storage: this is a progressive increase in myocardial stiffness with concomitant reduction of
compliance and ventricular volume. The depletion of high-energy phosphate reserves causes the
actin and myosin to interact, resulting in a progressive and eventually irreversible contracture of
the heart. So, the basis of the problem is energy deprivation and dysregulation of intracellular
homeostasis such that the onset of contracture occurs when ATP falls to less than 80% of normal
values. In the early stages contracture does not necessarily imply a dead myocardium and strategies
to delay the onset of ischemic contracture and promote the retention and repletion of high-energy
phosphates are crucial for adequate methods of prolonged myocardial preservation.101

The suppression of oxidative phosphorylation at low temperatures is indicative of a mitochon-
drial defect. As illustrated in Figure 2.5, oxygen consumption by isolated mitochondria decreases
with falling temperature, usually with a change in the rate at about 15°C.59 More specifically,
research has indicated that the enzymes responsible for translocating adenine nucleotides (AN
translocase) across the mitochondrial membrane become ineffective at temperatures below the
transition point of the Arrhenius plot. Also, the enzymes responsible for transporting NADH across
the mitochondrial membrane via the malate-aspartate shuttle are ineffective at low temperatures.
For example, it is known that the adenine nucleotide translocase of rat liver demonstrates an abrupt
decrease in activity at 18°C, and although it is not rate-limiting at 37°C it could be limiting at low
temperatures.102 It is now believed that the failure of aerobic metabolism during hypothermia is
principally due to the inactivation of mitochondrial transport enzymes, despite the fact that it has
also been demonstrated in some tissues that adenine nucleotides can be synthesized at the temper-
atures used for hypothermic storage, providing the appropriate substrates are present. Therefore, it
is clear that the once-believed notion that it is the absolute concentrations of residual high energy
phosphates that might dictate survival, and that their complete exhaustion results in loss of viability,
is not tenable. A great deal of evidence has now established the importance of the ability of
hypothermically-stored cells to resynthesize energy-rich compounds during rewarming, which will
be dependent upon the status of the adenine nucleotide pool remaining at the end of storage. As
ATP and adenosine diphosphate (ADP) reserves are depleted during ischemia, the accumulating
adenosine monophosphate (AMP) is dephosphorylated by 5’-nucleotidase enzymes to adenosine
and other freely diffusable metabolites. Hence, these nucleosides are readily lost from the cell and
no longer available for resynthesis of ATP. Moreover, as explained above, the synthesis of ATP
depends upon active translocating processes from the cytosol into the mitochondria and vice versa,
involving highly temperature-dependent enzymes.102 The extent of degradation of ATP (and CP) to
the diffusable breakdown products shown in Figure 2.4 is also important for another reason besides
the depletion of ATP precursors that are crucial for subsequent immediate repletion of high-energy
compounds. The second important aspect of this deamination pathway relates to the probable
exacerbation of reperfusion injury by the generation of free radicals during and after cold storage
as described above.

The complexity of low-temperature effects on mitochondrial respiration is not limited to the
impairment of translocase enzymes. Recent studies have shown that other enzymes that control
reactions of the tricarboxylic acid (TCA) cycle and the electron transport chain are affected
differently by cold storage. In mitochondria isolated from hearts stored at 4°C for 12 and 24 hours,
the rate-limiting enzyme in the TCA cycle, citrate synthetase, has been shown to be more susceptible
to cold storage than the rate-limiting enzyme in the electron transport chain, cytochrome c oxi-
dase.103 Such observations highlight the multifactorial nature of mitochondrial dysfunction after
prolonged hypothermic storage.

It is clear from the foregoing discussion that the best methods of hypothermic preservation
might depend upon the maintenance of high energy reserves, the prevention of ATP precursor
depletion, and some level of continued metabolism, which, in turn, will be dependent upon
the oxygen tension and storage temperature. Such considerations have led Pegg to suggest that
future advances in organ preservation might be achieved by studying higher temperatures where
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translocase enzymes are more active and to use higher oxygen tensions.97 Also, the provision of
purine or nucleoside precursors for adenine nucleotide repletion, and the use of pharmacological
inhibitors of 5’-nucleotidase, such as allopurinol, are regarded as important components of modern-
day preservation solutions and may prove to be advantageous for strategies designed to avert an
energy crisis in hypothermically stored cells.97,104,105

2.4.3 EFFECT UPON ION TRANSPORT AND CELL SWELLING

We were reminded earlier that intracellular ionic composition and volume regulation of a cell is
maintained by a “pump-leak” mechanism in which membrane-bound enzymes transport various
ions and solutes to counter the passive diffusion driven by chemical potential gradients. These
active pumps are inhibited by hypothermia both by its direct effect on enzyme activity and by the
depletion of high energy reserves as mitochondrial energy transduction fails. The effect of applied
hypothermia is therefore similar to that produced by anoxia, but the mechanism is different. This
has important implications for its reversibility: even if an adequate reserve of ATP is maintained,
the membrane pumps are unable to utilize ATP at low temperatures. When the temperature returns
to normal the pumps are again able to use ATP and quickly restore the cell’s ionic gradients. In
the temperature range commonly used for preservation (0°–10°C) the activity of Na+K+-ATPase is
essentially abolished; for example it is documented that for many cells the activity of Na+-K+-
ATPase at 5°C is only about 1% of its normal level at physiological temperature.106

The resultant passive redistribution of ions and water across the cell membrane and the con-
comitant change in the membrane potential has been demonstrated to be rapidly and fully reversible
in the short term.107 The ready reversibility of all parameters upon rewarming was due to the
retention of the necessary substrates and high energy compounds during hypothermic preservation
so that the activity of the ATPase enzymes was quickly restored. While these radical changes in
ion and water fluxes as a result of cooling are reversible in the short term, a gradual accumulation
of detrimental effects eventually become irreversible in a way similar to the progression of warm
ischemic events. Changes in the distributions of sodium and potassium may not cause irreversible
alterations, but perturbation of normal transmembrane sodium gradients can adversely affect many
secondary transport systems, such as those for glucose and amino acids as well as electrical events
in excitable tissues. The various cation transport systems in cells are interrelated and energy
dependent, such that all are influenced by temperature changes.106

However, cation fluxes are not all affected in the same way during cooling; for example, a
disparate effect of temperature on the permeability of dog erythrocytes to cations has been
reported.108 Sodium flux was shown to increase during cooling from 37°C to 20°C and then decrease
during subsequent cooling. Also, potassium flux exhibited a minimum at 12°C and then increased
during further cooling, whereas water transport decreased in accordance with a typical Arrhenius
relationship. This suggests that sodium, potassium, and water are transported across the red cell
membrane by independent mechanisms that are affected differently by temperature changes, thus
providing further illustration of the complexity of interdependence between homeostatic processes
in cooled cells.

2.4.3.1 Divalent Cation Transport

Cells are known to have interrelated cation transport systems depending on energy supply, and are
thereby affected by reduced temperatures. Moreover, it is recognized that changes in the distribution
of divalent cations (Ca2+, Mg2+) as a consequence of ischemia, hypoxia, and even cooling are
especially important in cellular injury. The belief that calcium, in particular, is a mediator of cell
death is based upon accumulated evidence over several decades from observations in a wide variety
of tissues and pertains to cell death from a variety of causes. During the past decade, the recognition
of the central role of calcium-mediated effects in the death of cells of ischemically-sensitive tissues
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such as heart and brain has led to intense scrutiny of the effects of perturbations in divalent cation
homeostasis.27,109 With the advent of the excitotoxic hypothesis of neuronal cell death, emphasis
has shifted away from the traditional ideas of Ca-mediated injury being caused by influx of calcium
into energy-compromised cells via voltage-sensitive channels, toward mechanisms involving ago-
nist-operated calcium channels gated by excitatory amino acid receptors.21,27,109,110

As shown in Figure 2.1, cytosolic calcium concentration is 10,000-fold lower than extracellular
concentrations, and it is now postulated that enhanced or unbalanced calcium influx across the
plasma membrane represents a final common pathway in cell death mediated by various conditions
that share the tendency to induce an abnormal membrane permeability for calcium. For example,
excessive intracellular accumulation of calcium has been implicated as playing a pivotal role in
ischemia-induced neuronal death and the evolving knowledge of the mechanisms involved include
the following: alteration of electron transport in the respiratory chain, which leads to swelling and
destruction of mitochondria; the release of additional excitotoxic neurotransmitters; activation of
deleterious intracellular enzymes such as lipases and proteases, which break down cellular protein
and lipid structures; and the formation of potentially harmful oxygen and hydroxyl free radicals
and cellular depolarization.109 Massive calcium accumulations also occur as a result of the so-called
calcium paradox induced in cardiac cells when hearts are perfused successively with a calcium-
free medium followed by a solution containing calcium. Calcium loading ensues because the
calcium free perfusion dramatically increases membrane permeability to calcium. Calcium func-
tions as a second messenger in the regulation of numerous biochemical and physiological processes,
often by activating regulatory proteins such as Calmodulin, which, in turn, can activate many
intracellular enzymes including protein kinases.109 It has been proposed that the significant protec-
tive effect of mild hypothermia against ischemic brain injury might be mediated in part by inhibition
of calcium-induced effects and the prevention of inactivation of important Ca-dependent enzyme
systems such as the kinases.109,110 However, it is generally recognized that cooling has no beneficial
effect in preventing inhibition of the (Ca2+ Mg2+)-ATPase pump mechanism (and may even accen-
tuate it), which is generally the most important factor in controlling intracellular Ca2+ concentrations.
The effects of cooling on calcium homeostasis results not only from the inhibition of transmembrane
pumping, but also from the inhibition of calcium sequestration by endoplasmic reticulum and
mitochondria. All three pathways are involved in control of free calcium-ion concentrations, and
all are sensitive to ATP depletion. Thus a reduced supply of ATP in cells stored hypothermically
can result in increasing intracellular free calcium concentrations via redistribution from internal
compartments, even if the external calcium concentration is lowered by perfusing with a low-
calcium solution or calcium-channel-blocking drugs are added to the extracellular medium.

Calcium antagonists acting at the site of the plasma membrane will presumably be ineffective
at preventing increased concentration of ionic calcium mobilized from intracellular stores. It has
been discovered that the rapid influx of calcium responsible for the calcium paradox occurs via
channels that are not affected by slow channel blockers, and at temperatures below 27°C changes
in the cell membrane decrease slow channel currents, obviating the need for calcium channel
blockers.111

2.4.3.2 Proton Activity Changes

The scheme depicted in Figure 2.4 for the principal events of the ischemic cascade shows that
elevation of the concentration of protons — i.e., increasing acidity — is regarded as a contributory
central event in the process of cellular injury ensuing from O2 deprivation and energy depletion.
Moreover, reduced temperatures are also known to influence pH regulation, which is another
important homeostatic mechanism for cell survival. It has frequently been reported that hydrogen
ion concentration increases in a variety of mammalian cells during hypothermic storage such that
tissue pH has been recorded to fall to 6.5 to 6.8 within a few hours of cold storage.112,113 Acidity
is widely recognized as a hazard for cells with the accumulation of protons contributing to a variety
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of deleterious processes including metabolic block of glycolysis and structural damage. Destabili-
zation of lysozomes releasing harmful proteases and catalysis of oxidative stress by mobilization
of free heavy metals have been implicated as mechanisms of cellular tissue injury during acidosis.

Figure 2.1 depicts that under physiological conditions (37°C) cells actively regulate pH within
narrow limits with intracellular pH being maintained at a lower value (pH = 7.0 ± 0.3)114 than the
extracellular fluid (pH = 7.4). The structure/function relationships of biomacromolecules, especially
proteins, are governed by their tertiary and quaternary structure, which, in turn, rely upon the
maintenance of charged moieties within the molecule. Pertubation of pH homeostasis in conjunction
with the altered ionic environment during hypothermia can serve to markedly alter the struc-
ture/activity relationship of molecules such as enzymes that rely on electrochemical neutrality to
maintain their net charged state, relative to the neutral point of water.115 In aqueous solutions such
as the intracellular fluid, the concentrations of protons (H+) and hydroxyl ions (OH–) are determined
by the ionization constant of water (pKw), which increases as temperature decreases (see Figure
2.7). Intracellular electrochemical neutrality (equal concentrates of H+ and OH–) is therefore main-
tained at reduced temperatures only if pH rises in concert with pKw to maintain a constant OH–/H+

ratio, i.e., the quantity of protons needed for neutrality falls as temperature decreases. It is important
to understand that a given pH value is not a measure of electrochemical neutrality unless it is
related to a specific temperature, because neutrality is also dependent upon the concentration of
hydroxyl ions. Hence it is only at 37°C that an extracellular pH of 7.4 yields a “neutral” intracellular
pH that is optimal for physiological function. In other words, if pH does not rise as temperature
is lowered there will be a relative excess of protons despite an apparently “normal” pH value. The
disturbance of intracellular neutrality by the accumulation of H+ during hypothermic ischemia not
only has a profound effect upon macromolecular structure and poisons the active sites of enzymes,
but also causes metabolites to lose their charged state, and therefore are able to diffuse down
concentration gradients as nonionized lipophilic molecules. The depletion of important metabolites
for the regeneration of high-energy phosphates during reperfusion is therefore exacerbated by
relative acidity. The Donnan equilibrium responsible for maintenance of transcellular ion gradients
and cellular water content is also dependent upon electrochemical neutrality within the cell.

At the systemic level, a failure to understand that it is the OH–/H+ ratio that is the critical
determinant of protein structure and enzyme function, rather than the pH value per se, has been
responsible for much misunderstanding and controversy about acid-base management during hypo-
thermia.116,117

2.4.4 ACID-BASE REGULATION DURING HYPOTHERMIA

It has been established in ectothermic (cold-blooded animals), and in the blood of warm-blooded
animals cooled in a closed system that does not permit gas exchange, that pH rises in parallel with
the neutral point of water (pN) during cooling in the range 0°C to 40°C (the Rosenthal
relationship118). Figure 2.7 shows that the rate of change of pH with temperature is –0.0157 pH
units/C° and is referred to as alpha-stat pH regulation in recognition of the fact that both intracellular
pH and blood pH buffering is dominated by the degree of ionization (α) of the imidazole moieties
of proteins (See References 117, 119).

On the basis of both in vitro and in vivo experiments it has been generally accepted that acid-
base regulations in nearly all vertebrates are consistent with primary regulation of α-imidazole
resulting in a stable OH–/H+ ratio and the observed change in blood pH with temperature (Figure
2.7). Figure 2.7 also shows that intracellular pH is close to neutrality and closely parallels the rise
in pN, whereas in ectotherms and mammalian blood in vivo, body fluid pH is maintained at higher
levels, i.e., it is more alkaline, than intracellular pH. The purpose of maintaining an alkalotic
extracellular milieu may be to provide the cell with a proton-sink for the acidic products of its
metabolism. Although this pH management strategy is the most prevalent in the animal kingdom,120

an alternative process has evolved in hibernating mammals: their metabolism and metabolic function
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continue at a body temperature as low as 5°C and they maintain arterial pH at 7.4, irrespective of
systemic temperature (pH stat regulation).

A detailed discussion of these pH-regulatory phenomena is beyond the scope of this chapter,
but the implications of the choice of strategy that will deliver optimum protection during clinical
hypothermia — or hypothermic preservation of isolated organs for transplantation — has been
addressed in numerous publications over the past few decades (for examples, see References 117,
120–123). Although these considerations have sometimes led to a controversial debate, there are
persuasive arguments with supporting evidence in favor of the alpha-stat strategy. Again, examples
from studies on exquisitely sensitive ischemic tissues such as heart and brain are of particular
interest. It has been shown in numerous studies that the electrical stability, contractility, and
hemodynamics of the heart is better preserved during hypothermia when the α-stat scheme is
adopted, as opposed to constraining pH to 7.4.117,123,124 Concerns for brain protection during hypo-
thermic cardiopulmonary bypass have led to studies of the effect of pH and temperature on cerebral
metabolism and cerebral blood flow with the latter being appropriately maintained during α-stat
management.125 In a direct comparison of the α-stat versus pH-stat management of dogs subjected
to 60 minutes of cold (17°C) ischemic circulatory arrest, it was demonstrated that the α-stat strategy
resulted in better protection of ischemic tissues than in those animals whose pH was maintained
at 7.4 throughout. Improved protection was manifest as a better cardiac output, twice the cerebral

FIGURE 2.7 The relationships between pH and pK as a function of temperature relative to acid-base control
in biological systems during hypothermia. Shaded areas show the range of pH values reported for both the blood
and intracellular fluid of ectotherms (cold-blooded animals) as a function of body temperature. The blood of
warm-blooded mammals including man falls within this range when cooled without gas exchange. The pH
change of blood during cooling parallels that of the neutral point of water (pN) and the temperature coefficient
is given by the Rosenthal slope. In contrast, hibernators do not maintain a constant degree of alkalinity between
the extracellular and intracellular compartments, but instead maintain a constant pH of 7.4 (pH-stat versus α-
stat regulation). The importance of buffer capacity relative to preserving electrochemical neutrality during cooling
is discussed in the text. In contrast to the physiological buffers — phosphate and bicarbonate that do not retain
their relative buffer capacity during cooling — the imidazole (Imid) group of histidine and synthetic buffers,
such as HEPES* and TES,** are effective buffers over the entire temperature range due to the fact that their
temperature coefficients (dpK/dt) parallel that of water (pKw = dissociation constant of water). (Adapted and
extended from various sources including References 119, 236.) Note: *N-2(Hydroxyethylpiperazine)N-2-ethane-
sulfonic acid **N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid.
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blood flow, lower peripheral resistance, and a significantly better postischemic ventricular perfor-
mance on rewarming.126

Strategies of pH management for optimum hypothermic preservation of isolated organs have
not yet been studied extensively, but if α-stat regulation proves to be generally beneficial to maintain
a constant degree of alkalinity between the extracellular and intracellular compartments to preserve
electrochemical neutrality during cooling, the question of appropriate pH buffers needs to be
carefully considered. Figure 2.7 illustrates that the intrinsic physiological buffers phosphate and
bicarbonate do not retain their relative buffering capacity during cooling, due to the temperature
coefficients of their dissociation constants (dpK/dt). In sharp contrast, the imidazole group of the
amino acid histidine retains effective buffer capacity over the entire temperature range because its
dpK/dt is closely aligned with that of water. In synthetic systems such as manmade organ preser-
vation media, or hypothermic blood substitutes, other buffers are available with equivalent or greater
temperature coefficients to that of the pKw for water. For example, the aminosulfonic acid buffers
introduced by Good et al.127 have been shown to possess superior buffer capacity and temperature
coefficients for applications involving hypothermia.127–130 For example, the zwitterionic aminosul-
fonic acid compound HEPES* has found widespread in vitro use as a biocompatible buffer and the
close match of its pKa/dt with that of water and imidazole is illustrated in Figure 2.7. Moreover,
the aminosulphonic acid buffers may be a better choice than imidazole/histidine for preservation
solutions since imidazole has been criticized as being too reactive and unstable to be a satisfactory
biological buffer and has been shown to uncouple electron transport from phosphorylation.131

Moreover, we have recently shown unequivocally that the ampholyte HEPES provides superior
buffering capacity and efficiency compared with histidine for pH regulation in the critical range of
pH 7.0–7.8.128 The efficacy of improved buffering capacity using aminosulfonic acid buffers such
as Bicine and Tricine as additives to UW organ preservation solution has also been demonstrated
to improve the metabolic status of hypothermically stored livers.132 In this study Bicine and Tricine
provided a higher buffer capacity and greater protection than histidine.132 HEPES has been docu-
mented to be highly effective in combating the alterations in acid-base homeostasis of ischemic
hearts.133,134 We have demonstrated the effectiveness of a variety of these sulfonic acid buffers in
cryobiological applications130,135–137 and consideration of their use in vivo has recently been advo-
cated.67,138–140

Control of acidosis in the cells of preserved organs will be impacted by the exchange of protons
and buffer species between the intracellular and extracellular compartments. With respect to external
buffering power and intracellular pH, Garlick et al. addressed the question of whether protons
produced within ischemic cells are transported to the extracellular space. Such an export process
would slow down as extracellular pH decreased. They hypothesized that if the external pH was
maintained by increasing external buffering, the proton export could continue longer, thereby
reducing the fall in pHi. They provided some support for this hypothesis using hearts perfused with
Krebs-Henseleit supplemented with HEPES.134 Clearly, intracellular pH (pHi) can be influenced by
external buffers if there is exchange of intracellular buffer species such as phosphate and/or protons.
Moreover, there is the possibility that external buffers can permeate into the intracellular space and
thereby directly act as pHi buffers. As far as I am aware, there have been very few specific studies
to examine the permeation of buffer species into cells. However, relatively small organic compounds
such as histidine (155 daltons) and the aminosulphonic acid buffers (approximately 160 to 230
daltons; e.g., BICINE = 163 daltons and HEPES = 238 daltons) might be expected to permeate
during prolonged hypothermic exposure. There is recent evidence that much larger molecules such
as the disaccharide trehalose (342 daltons) can permeate into cells as a result of hypothermia-
induced phase changes in the plasma membrane.141

Many of the reported studies purporting to examine changes in pHi have relied upon NMR,
but Lareau et al. have cautioned about the interpretation of intracellular pH changes based upon

*  N-2(Hydroxyethylpiperazine)N-2-ethanesulfonic acid
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32P NMR spectroscopy because inorganic phosphate leaks from cells during prolonged hypothermic
storage. For this reason, it is not always possible to follow the time course of pHi from the chemical
shift of the Pi peak.142

2.4.5 EFFECT OF HYPOTHERMIA ON THE GENERATION OF FREE RADICALS  

The emerging role of oxygen derived free radicals (ODFR) in tissue injury and its participation in
reperfusion injury is mentioned above. Important questions that arise in the context of cold storage
of tissues and organs include whether free-radical–mediated tissue injury proceeds during cold
ischemia, and what effect temperature reduction has on the processes of free radical generation
and the mechanisms of tissue injury. Fuller and Green and their colleagues have considered these
questions; their work provides a basis for the summarizing statements recorded here.143

In essence, it is recognized that cooling increases the susceptibility of cells to produce free
radicals and attenuates the natural defense mechanisms by which cells normally deal with the low-
level free radical production in metabolism. Due to a lower activation energy, free radical reactions
are depressed less by temperature reduction than by the enzymatic processes used to scavenge
them. As outlined above, the highly reactive radicals can react in a nonenzymatic way with a variety
of biomolecules, including membrane lipids, proteins, and nucleic acids in order to become ener-
getically more stable species and, in the process, generate other radicals at the site of attack. A
chain of such reactions can be established, especially when catalysts are present in the form of
species capable of redox cycling, i.e., shuttling between oxidation states by accepting and donating
electrons. Transition metals such as copper and iron — which are fundamentally important in cell
metabolism as intrinsic components of enzyme systems like the cytochromes of the mitochondrial
electron transport chain — are effective catalysts of such radical chain reactions. Loss of homeo-
static control of transition metals during cold ischemia is therefore a potential hazard to cells
because of the promotion of free radical production and subsequent tissue injury during either cold
storage or reperfusion. It is the balance between production and removal of free radicals that is
crucial to the cell such that a combination of excessive radical generation and hindrance of normal
defense mechanisms can redirect the processes in favor of injury. There is evidence that some of
the natural defense mechanisms against free radicals become depleted during cold storage, and that
the addition of natural pharmacological scavengers including SOD, catalase, or mannitol to cold
storage media may improve the viability of hypothermically stored organs.143,144

Although it is possible for the production of injurious free radicals to be enhanced during cold
storage, it is important to appreciate that the resultant cell damage may not occur entirely at the
low temperature. On the contrary, there is a growing body of evidence that reintroduction of
oxygenation via a regular blood supply upon rewarming and reperfusion provides a powerful
impetus for further oxidative stress. A principal pathway is the stimulation of enzymically driven
radical reactions such as the xanthine/xanthine oxidase system involving the interaction of ATP
catabolic products with molecular oxygen as discussed in an earlier section and depicted in Figure
2.4. Vascular endothelial cells are thought to be particularly vulnerable to the type of injury mediated
by free radical generation due to this so called “respiratory burst” mechanism. Nevertheless, it is
known that low concentrations of molecular oxygen such as what is dissolved in organ preservation
solutions is sufficient to support the generation of free radicals during prolonged storage.143 There-
fore, it is recognized that cold exposure may set the stage for a progressive development of tissue
injury as a result of reactions and processes that occur during hypothermia, but which fuel changes
that proceed for considerable time after normal conditions of temperature and oxygen tension are
resumed.

Unrestricted bursts of free radical activity are known to cause membrane damage to a variety
of cellular components due to the hazards of lipid peroxidation. While cells employ a number of
repair mechanisms to recover from this type of injury, cell survival depends upon whether slavage
pathways are overwhelmed or whether a point of irreversible damage is reached during the
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storage/reactivation process so that cell death becomes inevitable. During the transition from revers-
ible cell injury to irreversible cell death, calcium is strongly implicated as an important link between
free-radical-mediated changes and eventual cell necrosis. It is clear from the foregoing discussions
that in tissues exposed to cold there is potential for unbalanced free radical reactivity and elevated
intracellular free calcium levels, and subsequent warming and reperfusion is likely to greatly
potentiate these adverse events.

Evidence linking cold ischemic damage and oxidative stress has come from studies involving
a variety of tissues, most notably the heart, kidney, and liver.143 In recent years, strategies aimed
at circumventing oxidative stress and reperfusion injury under both hypothermic and normothermic
conditions have understandably been focused upon the roles of antioxidants and calcium channel
blockers. An example in which this approach has been adopted is the development of the “Carolina
Rinse Solution” designed specifically to improve the preservation of cold-stored livers by protecting
against reperfusion injury.145,146 Other studies have indicated that antioxidant supplementation of
existing cold storage media such as UW solution may be advantageous in preserving organs with
increased oxidation stresses sustained from suboptimal donors in clinical practice.147–149 Neverthe-
less, a clear picture for unequivocal benefits of using agents such as antioxidants and calcium
channel blockers in a clinical setting has yet to be established. Some insights into the cellular and
molecular mechanisms of cold storage injury with an emphasis on oxidative stress have recently
been reviewed by Rauen and DeGroot.150

2.4.6 STRUCTURAL CHANGES  

The interrelationship between structure and function is fundamentally important for cellular homeo-
stasis, which is governed by an intricate array of biochemical, physiological, and biophysical
processes. Moreover, these processes are compartmentalized within the cell such that the structure
of biological membranes and the cytoskeleton are integral components of cell viability and vitality.

The sensitivity of biological structures to temperature change is well known and the thermal
denaturation of proteins in particular is well documented. Thus, most proteins, as well as nucleic
acids and many polysaccharides, are able to exist in their biologically active states only within a
limited temperature range that is characteristic of the macromolecule and its environmental condi-
tions such as ionic strength and pH. While a great deal more is known about heat denaturation of
proteins at elevated temperatures, there are well described examples of cold denaturation involving
the spontaneous unfolding of proteins or dissociation of the multi-subunit structure into biologically
inactive species, which may or may not reassemble on rewarming to normal temperatures.151,152

It was mentioned earlier in the discussion of metabolic uncoupling that membrane components
are also affected by cooling, such that membrane properties relating to both the selective diffusion
barrier to solutes and active regulation involving membrane-associated proteins (e.g., ion transport-
ers) are altered by cooling. The effect of cooling on the thermophysical properties of membrane
lipids is generally regarded as the fundamental basis of temperature effects upon membrane
structure-function relationships.

In essence, it is well established that it is the fluid mobile lipid phase of membranes that supports
their functional orientation and conformational movements, including that of integral or transmem-
brane proteins. During cooling, individual phospholipids undergo an abrupt change from a disor-
dered fluid, or liquid crystalline state, to a highly ordered hexagonal lattice (gel state) at a specific
transition temperature. Biological membranes comprise complex mixtures of lipids such that sharp
transitions between the liquid crystalline and gel phase do not occur, but rather the membrane
exhibits a phase transition temperature range. Moreover, compositional characteristics such as the
cholesterol:phospholipid ratio in the membrane can serve to broaden or “smooth out” the phase
transitions. In a past review of the effects of cooling on mammalian cells, Fuller provided a concise
yet informative synopsis of these membrane-orientated effects of reduced temperatures.153 It has
been postulated on the basis of measurements in both model systems and intact cells that a phase
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separation occurs within the plane of the membrane as cooling proceeds. Such cold-induced changes
in the degree of membrane fluidity render it thermodynamically unfavorable for membrane proteins
to remain in the gel phase, such that they may be redistributed laterally into regions of low-melting-
point lipids that remain in the liquid crystalline phase. This process is thought to result in packing
faults due to the development of lipid-rich and protein-rich microdomains in a membrane under-
going phase transitions. One consequence of this could be a change in membrane permeability and
alteration in the solute barrier function of the membrane.154 Phase separation of mammalian
membranes have been demonstrated at temperatures in the region of 10°C and below,155 and this
correlates with the trend towards increased permeabilities to both ions and even large molecules
such as proteins during cooling.156 In addition to phase separations another form of cold-induced
membrane damage includes the actual loss of membrane phospholipids, which is intuitively more
deleterious than phase changes that may largely be reversible.

2.4.6.1 Thermal Shock

It has been discovered in some cells that the rate of cooling is also a determinant of injury. The
phenomenon, which is not well understood, is referred to either as thermal shock, cold shock, or
chilling injury. The phenomenon is distinct from the well-characterized effects of cooling rate in
frozen cells (see Chapter 8). The pure effects of cooling, in the absence of solute concentration
changes or ice formation, are thought to be related to the thermotropic properties of cell membranes
involving phase transitions as discussed earlier.157 It has been proposed that rapid cooling in the
absence of freezing can cause mechanical stresses on membranes induced by differential thermal
contraction.18

2.4.6.2 Stress Proteins

The change in the structure of a protein is a common response to stress. Cells accumulate incorrectly
folded proteins as a consequence of stresses such as hypoxia or temperature change. Proteins that
experience unfolding or conformational changes do not remain soluble and are transformed into
denatured proteins. It is now well established that one of the defense mechanisms adopted by cells
to counteract such effects of stress is to synthesize new proteins commonly referred to as “stress
proteins” or “heat shock proteins” (HSP) because of their increased synthesis by many cell types
after exposure to elevated temperatures.158 The general role of this group of highly conserved stress
proteins is believed to be homeostatic in that they protect the cell against the harmful consequences
of traumas and help promote a quick return to normal cellular activities once the stress has
terminated. The principal mammalian HSPs are classified into families on the basis of their
molecular weights and sequence homologies, and include the 8 kD protein ubiquitin, small HSPs
(20–28KD); HSP 60; HSP 70; and HSP 90.159 The HSP 70 family is the most widely studied. These
proteins appear to bind to denatured and unfolded proteins and prevent further aggregation and
precipitation. Some HSP 70 proteins are always present in cells and have been assigned a role as
“molecular chaperones” because they mediate the correct assembly and folding of proteins. The
general protective function of “stress” proteins is also thought to be mediated by their chaperone-
like ability to associate with other proteins in the cell and modify their function and fate.160

The induction of stress proteins in response to cold (cold shock proteins) has been identified
in invertebrate species such as bacteria and yeast.161,162 Until recently it was unknown whether
similar families of cold shock proteins are induced in mammalian cells. However, the contention
by some that “recovery of cells from cold temperatures does not result in synthesis of specific
shock proteins”153 will clearly need to be reevaluated in the light of recent evidence demonstrating
that cold shock induces the synthesis of stress proteins in a variety of mammalian cells163–165 and
organs.166 Moreover, the natural response to heat stress by synthesis of “shock proteins,” a phe-
nomenon referred to as thermotolerance, has been explored as a potential interventional strategy
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to protect against induced ischemia and reperfusion injury. The idea is to precondition cells to
better withstand hypothermia by previous exposure to a less severe stress, or sublethal dose of the
same stress. It has been demonstrated in both cells and organ systems that “stress conditioning”
can induce cold tolerance in mammalian systems.167–169 Cytoprotection is achieved by way of a
complex adaptation in cellular metabolism analogous to that seen in natural thermotolerance. A
dominant metabolic change associated with hyperthermia-induced cytoprotection is the increased
expression of heat-shock genes. Recent studies have confirmed in diverse animal models that the
levels of heat shock proteins are increased manyfold in heat-shocked animals,168,169 and that the
stress conditioning led to significantly improved functional recovery and decreased cell death in
various tissues after subsequent cold ischemia. It is particularly noteworthy that in each of these
mammalian models a positive temporal association was demonstrated between the functional
protection of stress conditioning and enhanced expression of inducible heat-shock proteins.

2.4.6.3 Cytoskeleton

Cold induced changes of cellular structural proteins that constitute cytoskeletal components such
as microtubules have been known since the mid 1970s. This cold sensitivity appears to be mediated
by depolymerization of component polypeptide units170 and, in general, is readily reversible upon
rewarming.171 Nevertheless, the possibility exists for reassembly of the microtubules in a way that
results in cellular abnormalities.172

2.4.6.4 Apoptosis vs. Necrosis in Cold-Induced Cell Death

Injured or dying cells exhibit characteristic changes in cell morphology and, as described above,
the culmination of the deleterious events comprising the ischemic cascade is characterized by
marked structural changes in cells and eventual cell death. It is now known that there are two
distinct ways in which cells may die: necrosis — caused by a general failure of cellular homeostatic
regulation following injury induced by a variety of deleterious stimuli including hypoxia, toxins,
radiation, and temperature changes — and apoptosis, or “programmed cell death,” which is a
regulated process distinguishable from necrosis by numerous morphological biochemical and phys-
iological features.173,174 In regard to structural changes, apoptosis involves distinct morphologic
features including blebbing of the plasma membrane (but not loss of integrity), cell shrinkage with
the formation of apoptotic bodies, chromatin condensation, and internucleosomal DNA fragmen-
tation in a specific nonrandom pattern. These characteristics are distinguishable from necrotic
changes that involve degenerative processes such as cell and organelle swelling, rupture of plasma
and lysosomal membranes, and a random pattern of DNA degradation.

While many of the diverse stresses known to cause necrotic cell death have also been reported
to induce apoptosis in a variety of cells, the role of low temperatures as a possible stimulus of
programmed cell death has only recently begun to emerge.175 The earliest reports appeared in 1990
when it was shown that cultured mammalian fibroblast cells at the transition from logarithmic to
stationary growth were killed by brief exposures to 0°C and rewarming at 37°C.176 The observed
cell killing required only a few minutes of hypothermic exposure and the affected cells exhibited
characteristics of apoptosis. Moreover, the kinetics of cell death served to distinguish cold-induced
apoptosis from the lethal effects of longer-term cold storage (hours or day), and also showed
characteristics inconsistent with direct chilling injury, or cold shock.176 Most recently, we have
reported that apoptosis can be detected in a significant proportion of both vascular smooth muscle
and endothelial cells subjected to brief (30 to 120 seconds) cooling.177 As shown in Figure 2.8 for
both cell types, apoptosis was not found after exposure to hypothermia in the range +5 to 0°C, but
was induced at lower temperatures with a maximum response occurring at –10°C.177

There is increasing evidence, therefore, that apoptosis may represent another manifestation of
cold injury. However, it is clear that all cells cannot be as susceptible as those used in Nagle’s
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study or hypothermic preservation for practical lengths of time would not be possible, which is not
the case. Susceptibility to cold-induced apoptosis is likely to depend critically upon the cell growth
cycle as demonstrated in Nagle’s study, and the temperature of exposure as demonstrated by
Tatsutani’s study. Recent studies in cultured hepatocytes and liver endothelial cells have indicated
that reactive oxygen species might play a key role in mediating cold-induced apoptosis.178

It is becoming increasingly more evident that apoptosis plays an integral role in cell death
induced by the rigors of both hypothermia and cryopreservation.175,176,179–181 More specifically,
apoptosis has been identified to be directly associated with delayed-onset cell death (DOCD). This
is defined as death associated with cold exposure that is not apparent immediately upon rewarming,
but extending over the postexposure recovery period.181 Recent research into the causative apoptotic
and necrotic pathways responsible for low-temperature-induced DOCD has identified the contri-
bution of multiple apoptotic pathways, including receptor- and mitochondrial-induced apopto-
sis.180,182 Investigations into these pathways, their progression, and their induction stressors has
begun to facilitate new methods for improving preservation efficacy through the modulation of the
cellular and molecular responses of a cell undergoing preservation (both hypothermic and cryo-
preservation).28,67,137,175,180,183,184

Incorporation of specific apoptotic protease inhibitors in preservation media has now been
reported to markedly improve the survival of a variety of cells and tissues.182,183,185,186

Furthermore, investigation into the modification of the carrier medium from that of standard

FIGURE 2.8 Extent of apoptosis detected in human coronary artery endothelial cells (a) and arterial smooth
muscle cells (b) as a function of exposure temperature. (Data from Tatsutani et al.177)
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extracellular-type culture media — with or without cryoprotectants — to that of specifically
designed intracellular-type preservation solutions, such as Hypothermosol28,67,187,188 and
Unisol,189,190 have led to studies showing significant improvement in preservation effi-
cacy.181,189,191–196 In a series of independent studies based upon the HypoThermosol formulation,
the hypothesis that cell preservation in “Intracellular-type” solution experience reduced hypo-
thermic stress during cryopreservation was tested and yielded higher cell survivals.181 Moreover,
the new generation of solutions has been shown to provide better long-term hypothermic
preservation compared to the industry standard (UW-ViaSpan). For example, human liver cells
after just three days storage in UW at 4°C die within three days of return to physiological
conditions. In marked contrast, cells stored in HypoThermosol solutions survive and propagate
from three to five days later. We have demonstrated similar comparisons with a variety of other
tissues and cell types stored in Unisol at 4°C.189,190 Moreover, when experimental inhibitors of
apoptosis were added to HypoThermosol, human liver cell lines survived up to eight days at
4°C, compared to only 24 hours for cells stored in ViaSpan.197

These and several ensuing studies have provided strong evidence in support of this concept,
which has now opened the door to a new approach to modulating preservation injury by focusing
on molecular mechanisms associated with cold-induced cell death. Even before this latest flurry of
studies that elucidate the molecular mechanisms of cellular demise — and thereby identify ways
of circumventing the problems —  some of the principles were embodied in the rational design of
the baseline media. More specifically, the designs of hypothermic blood substitutes such as Hypo-
Thermosol, and the newer formulation Unisol, both incorporate some components that possess
recognized antioxidant activities and hence implied anti-apoptotic activity.28,67,187,188 For example,
reduced glutathione is a component of both formulations as a multifaceted molecule that is also
known to fulfill a natural role in the regulation of apoptosis.198

Since apoptosis is proving to be a distinct and significant factor in limiting hypothermic storage
of cells and organs, strategies aimed at preventing apoptotic cell death should be pursued. Adding
anti-apoptotic compounds, such as LXR-015, to hypothermic storage media has been reported to
improve hypothermic preservation of rat liver in EuroCollins solution.199 A variety of low-molecular-
weight compounds have now been identified and used to either enhance or inhibit programmed
cell death such that apoptosis is now amenable to pharmacological intervention.200

Once a cell has been exposed to a death stimulus one of two main pathways becomes activated:
the intrinsic mitochondrial pathway or the extrinsic death receptor pathway.201 The progression of
apoptosis can be halted at numerous checkpoints along the apoptotic pathways. Two key areas of
research that have proven successful in extending the life of cells in culture involve the inhibition
of mitochondrial dysfunction and the inhibition of caspases. Apoptosis may be inhibited through
the genetic engineering of mammalian cells to over-express an anti-apoptotic gene (such as the
Bcl-2 gene202,203), or through the addition of a chemical inhibitor to the environmental medium —
whether it be a culture medium or a preservation solution. As an alternative to pharmacological
intervention, it has been suggested that gene therapy could provide the means to modify grafts such
that they become less susceptible to preservation injury associated with apoptosis.202 This novel
approach involves transfecting murine livers with a recombinant adenovirus vector encoding the
Bcl-2 gene to reduce apoptosis during the preservation time (the Bcl-2 gene product has been
shown to promote cell survival by inhibiting the process of apoptosis203). Grafts expressing Bcl-2
showed significant reduction of enzymes associated with liver damage compared with control
grafts.202 However, the genetic engineering approach is less amenable to practical intervention for
the purpose of improving biopreservation.
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2.5 INTERVENTIONAL CONTROL OF THE EXTRACELLULAR 
ENVIRONMENT TO OPTIMIZE PRESERVATION

This section outlines the cellular effects of hypothermia in relation to an ischemic or hypoxic insult.
Hypothermia is the bedrock of all useful methods of preservation and this has proven to be most
effectively applied by controlling the extracellular environment of cells directly — and the intra-
cellular environment indirectly — during cold exposure. It is beyond the scope of this chapter to
deal with the strategies that have been adopted to maximize the benefits of cooling for tissue and
organ preservation, but some salient points will be offered as a prelude to discussion in ensuring
chapters. Moreover, other authors have reviewed in detail the approaches that have been taken to
design interventional techniques for hypothermic preservation.20,204–206

It is mentioned above that control of the extracellular environment of cells to optimize preser-
vation may be based on one of two strategies: static cold storage, or flush preservation, and low-
temperature continuous perfusion. A third technique, involving gaseous perfusion (retrograde oxy-
gen persufflation), also exists, but it remains largely experimental.204,206

2.5.1 FLUSH COLD STORAGE

It will be apparent from the foregoing discussion that these different strategies call for different
approaches to interventional control of the extracellular environment in order to optimize preser-
vation. In principle, flush preservation is based on the premise that reducing temperature so that it
is near — but not below — the ice point (0°C) precludes the need to support metabolism to any
significant extent, and that the correct distribution of water and ions between the intracellular and
extracellular compartments can be maintained by physical rather than metabolic means. Since
during the period that metabolic pumps are inactivated the driving force for transmembrane ion
flux is the difference in ionic balance between intracellular and extracellular fluid, and driving force
for water uptake (cell swelling) is the impermeant intracellular anions, these changes can be
prevented or restricted by manipulating the extracellular environment to abolish the chemical
potential gradients. On this basis a variety of flush, or organ wash-out solutions, have been devised
and evaluated for cold storage; these are often referred to as “intracellular-type” solutions due to
their resemblance in some respects to intracellular fluid.20,204,206

The principal design elements of the intracellular-type flush solutions have been to adjust the
ionic balance (notably of the monovalent cations) and to raise the osmolality by including an
impermeant solute to balance the intracellular osmotic pressure responsible for water uptake.
However, the most important factor for the efficacy of cold flush solutions appears to be the
prevention of cellular edema by inclusion of impermeant solutes since it has been established that
ionic imbalances, especially potassium depletion, are readily and rapidly reversible.207

Attention to the biophysical properties of intracellular-type flush solutions to restrict passive
diffusional processes has unquestionably led to the development of techniques during the past few
decades that have provided the basis of clinical organ preservation. Nevertheless, it is recognized
that further optimization of cold flush solutions can be achieved by inclusion of biochemical and
pharmacological components that will be effective in counteracting the deleterious effects of
ischemia and reperfusion injury. To some extent, this approach has been incorporated in the design
of the University of Wisconsin organ preservation solution (UW solution marketed as “ViaSpan”;
Barr Labs) which has become the most widely used solution for cold flush preservation of kidneys,
livers, and pancreata.104,105,208 (See Chapter 8 for additional discussion on the rational design of
hypothermic blood substitutes and storage media). 

With due consideration for the effects of ischemia, hypoxia, hypothermia, and reperfusion
injury on cells, coupled with the proven efficacy of various existing organ preservation solutions,
a general consensus of the most important characteristics in the design of hypothermic storage
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solutions has emerged. These are summarized in Table 2.1 based upon the exposition of Belzer
and Southard.104

2.5.2 CONTINUOUS HYPOTHERMIA PERFUSION PRESERVATION

The desirable properties of hypothermic solutions outlined in Table 2.1 are also applicable to
controlling the extracellular environment by way of continuous perfusion techniques. In contrast
to static cold storage, continuous perfusion is usually controlled at around 10°C and is based upon
a different principle: it is generally assumed that a moderate degree of cooling will reduce metabolic
needs but that continuous perfusion is required to support the suppressed metabolism and remove
catabolic products. Because it is assumed that sufficient metabolic activity remains to actively
regulate a near-normal cell volume and ionic gradients, the perfusates are generally acellular,
isotonic, well-oxygenated solutions, having a composition that more closely resembles plasma than
intracellular fluid. Such perfusates are therefore designated as “extracellular-type” solutions. They
are perfused through the vascular bed of an organ at a pressure sufficient (typically 40 to 60 mm
Hg) to achieve uniform tissue distribution. To balance this applied hydrostatic pressure and prevent
interstitial edema, oncotic agents such as albumin or synthetic macromolecular colloids are incor-
porated into the perusates.204 Substrate support of the remaining metabolism at ~10°C is also an
important consideration and it has been shown in several organs that high energy adenine nucleotides
can be synthesized during either hypothermic perfusion preservation,20,95,206 or oxygenated hypo-
thermic reperfusion209 as discussed in an earlier section above.

In addition to the principal objective of supporting metabolism, continuous perfusion also
provides other advantages over flush preservation. These include the washing out of accumulated
lactate and protons, which removes the metabolic block on glycolysis. This is thought to be
especially beneficial for organs that have suffered prior warm ischemia. Perfusion also facilitates
the removal of erythrocytes from the microcirculation and helps to maintain vascular patency during
prolonged storage. Continuous perfusion has been shown to provide the best means of achieving
prolonged hypothermic preservation (e.g., 3 to 7 days for kidneys208), but concerns for damage to
the vascular endothelium during prolonged perfusion may be a limiting factor.210 Despite the
apparent advantages of continuous perfusion over the flush techniques, static cold storage remains
the method of choice at most clinical transplant centers. This is largely because of its simplicity
and convenience over the complexity, expense, and risks of vascular damage associated with
prolonged continuous perfusion technology. Nevertheless, in the context of utilizing expanded
criteria donor organs to make available more organs for transplantation, machine perfusion tech-
nology is considered essential and there is currently a resurgence of clinical interest in these
techniques.211–213 Further discussion of the relative merits of continuous perfusion versus static cold
storage is beyond the scope of this chapter but is addressed further in Chapter 9). 

TABLE 2.1
Desirable Properties of a Hypothermic Preservation Solution or Blood 
Substitute

1. Minimizes hypothermically-induced cell swelling
2. Prevents expansion of the interstitial space (especially important during perfusion)
3. Restricts ionic imbalances
4. Prevents intracellular acidosis
5. Prevents injury from free radicals
6. Provides substrates for regeneration of high energy phosphate compounds during reperfusion

Based on Belzer and Southard104
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2.5.3 APPROACHES TOWARD UNIVERSAL TISSUE PRESERVATION

Although it has been experimentally verified that cell metabolism continues at temperatures as low
as 10°C and that adenine nucleotides can be resynthesized during hypothermic preservation if
appropriate substrates are provided, it is considered unlikely that this level of metabolism can
prevent transmembrane ion and water movements: this is due principally to the temperature sen-
sitivity of the active pumps. Hence, some advocates of continuous perfusion have modified the
perfusate accordingly by increasing both the K+ concentration and the osmolality (see Reference
206) Similarly, modification of cold flush solutions can be considered to circumvent some of the
identified limitations of that approach. For example, it is described earlier that the lack of support
of metabolism during ice-storage can be addressed by raising the temperature of storage, and by
incorporating biochemical substrates and raising the oxygen tension to promote adenine nucleotide
repletion. Also, the use of pharmacological agents such as inhibitors of 5’-nucleotidase (e.g.,
allopurinol) has been advocated as a means of averting adenine nucleotide depletion.

Therefore it is apparent that optimum control of the intracellular and extracellular environment
of cells during hypothermia depends upon the interaction of a variety of factors that include
temperature, oxygen tension, acidity, osmotic pressure, and chemical composition of the perfusion
fluid or wash-out solution.

As transplantation science progresses and the demand for effective methods of preservation of
an increasing variety of tissues and organs escalates, so the search for a “universal” scheme of cold
storage has become an important goal. The modern history of organ preservation since the early
work of Belzer’s group and Collins’s group in the 1960s has shown that the original solutions
devised for kidney preservation are ineffective for other visceral organs, such as liver and pan-
creas.104,208 The introduction of the UW solution in the 1980s, which has proven to be universally
effective for the intra-abdominal organs, has been heralded by its inventors as approaching a general
organ preservation solution.104 Moreover, the improvements of UW solution over other organ storage
solutions, notably Collins’s solution or its variants, have been ascribed to organ-specific differences
that demand careful consideration of the choice of components selected to fulfill the objectives
summarized in Table 2.1.104 Nevertheless, UW solution has not proven to be as effective for the
intrathoracic organs, heart, and lung as it has for intra-abdominal organs. This is due largely to
special demands of highly metabolic tissues such as the myocardium as discussed above.101

It is now recognized that the successive phases of the transplantation procedure involving organ
procurement, storage, transportation, reimplantation, and reperfusion may impose different require-
ments for optimum preservation at the different stages. This is illustrated by evidence that heart
preservation with the intracellular-type solution, EuroCollins, was enhanced when the heart was
initially arrested and subsequently flushed prior to reperfusion, with an extracellular-like cardiople-
gic solution.214,215 It is clear, therefore, that any single formulation of preservation solution is unlikely
to provide optimum protection during all the processing stages of a transplantation procedure or
the interventional stages of complex surgeries, so a combination of appropriately designed solutions
may prove necessary. In addition to the basic elements in the design of cold-storage solutions
described above, it has been anticipated that inclusion of additional biochemical and pharmacolog-
ical agents that might counteract the deleterious effects of cold ischemia and reperfusion injury
would enhance the cytoprotection properties of preservation media. This strategy has been explored
using either newly designed media that incorporate a cocktail of cytoprotective additives such as
Carolina Rinse solution,145,146 or by using existing preservation solutions such as UW, or EuroCollins
solution, as a vehicle for the pharmacological additives. For example, the addition of aprotinin to
UW and EuroCollins solutions has been shown to increase endothelial cell viability in hypoxic
cold storage conditions and led to improved lung preservation.216 The rationale for such studies
was based upon the fact that endothelial cell damage, destabilization of mitochondria and cell
membranes, and the release of proteolytic enzymes are known to be associated with organ preser-
vation injury, and aprotinin has anti-proteolytic and membrane stabilizing properties. 
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A wide variety of classes of drugs and biochemical agents have been advocated as potential
supplements for improved organ preservation such that complex cocktails of additives might be
conceived for optimum organ preservation. Although far from exhaustive, Table 2.2 illustrates the
variety of additives that have been suggested to be potential supplements for preservation solutions
but it is outside the scope of this chapter to attempt a discussion or review of these strategies.
Nevertheless, one important cautionary point that should be emphasized is the potential interaction
of components that might be detrimental, rather than beneficial, to outcome. For example, it has
been reported that allopurinol and trifluoperazine (see Table 2.2) improve the function of canine
kidneys harvested from non-heart-beating donors when used independently as supplements for
Belzer’s Machine Preservation Medium. However, when used in combination, these additives
unexpectedly proved to be detrimental to preservation outcome and are not recommended for
combined use in machine perfusion preservation.217 Optimization strategies for the design of
preservation cocktails must not only take account of the possible interactions of additive compo-
nents, but also their differential effectiveness at various stages of the procurement, preservation,
reperfusion, and reimplantation paradigm. Some studies have indicated that drug administration
during hypothermic storage has therapeutic benefits for resuscitating tissues after warm ischemia
and is more effective than the same drug given only during reperfusion.218 Yet other reports indicate
that some drugs, particularly antioxidants, are effective only when present in the reperfusion buffer
medium, not in the cold-storage solution.219 Clearly, an unequivocal strategy for hypothermic
solution design has not yet emerged and remains a complex issue impacted by many factors
including organ-type, condition, pretreatment, storage interval, temperature, and reperfusion con-
ditions.

2.5.4 MULTI-ORGAN PROTECTION AND TOTAL BODY COOLING

Interest in general or universal tissue-preservation techniques is exemplified by the need for methods
of protecting multiple vital organs, and even the whole body, for applications in modern-day surgery.

TABLE 2.2
Biochemical and Pharmacological Additives* for Preservation Media

Classification Examples

Anti-platelet aggregation/vasoactive agents Prostacyclin, PGE1, Mg 2+

Calmodulin inhibitors Chlorpromazine (CPZ), trifluoperazine
Calcium Channel Blockers Nicardipine, nifedipine, verapamil, CPZ
Protease and phospholipase inhibitors CPZ, verapamil, calpain antagonists (e.g.AK275)
Anti-oxidants/free radical scavengers Glutathione, catalase, SOD, allopurinol, dimethylthiourea, vitamin-E 

(or Trolox), Tempol, magnesium ascorbyl phosphate, Lazaroids
Anti-apoptotic agents LXR-015, cycloheximide, Z-VAD-FMK, Q-VD-OPH
Iron chelators Desferroxamine
Membrane Stabilizers CPZ, Dexamethosone, trehalose
“Cytoprotective” agents PGE1, glycine
Metabolic Substrates:

Sugars glucose, fructose, ribose
Nucleotide precursors (HEP enhancers) Adenine, Adenosine, Fructose diphosphate, Glyceraldehyde-3-

phosphate
Oxygen-carriers Perfluorocarbons, PEG-hemoglobin
Trophic Factors Growth factors, nucleic acid derivatives, ribonucleotides, 

glycosaminoglycans

* Illustrative examples not intended to be a comprehensive list of potentially efficacious additives for preservation
solutions.
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Multiple-organ harvesting for transplantation can be optimized by hypothermic perfusion of the
whole cadaver, or donor organ blocks comprising several organs (see reference 220), to minimize
warm ischemic injury. The ultimate challenge is perhaps protection of the entire body against the
effects of global ischemia during periods of circulatory and/or cardiac arrest for “bloodless”
surgery.28,67,139,140

Surgeons have developed skills that allow very complex, corrective, and life-saving operations
to be performed, notably on the heart and brain. As we have reviewed previously,28 many of these
complicated, time-consuming procedures have the inherent need for temporary cessation of blood
flow and demand protection of the patient against the deleterious effects of ischemia and anoxia.
Although hypothermia is routinely used as an adjunctive protective modality for surgical procedures
that require a period of cardiac arrest, there are restrictive time constraints (less than one hour at
temperatures usually not lower than 18°C) on the interval of cold ischemia if neurological sequelae
are to be avoided. It is well recognized that the window of opportunity for safe surgical intervention
could be extended by using greater degrees of hypothermic metabolic suppression, but this becomes
unacceptably dangerous, due principally to the effects of profound hypothermia on the blood leading
to coagulopathies and irreversible microvascular blockage as discussed above and elsewhere.28

The experimental approach we have explored to avoid these complications is to employ a
technique of asanguineous blood substitution using acellular synthetic solutions designed to protect
the heart, brain, and visceral organs during several hours of bloodless perfusion. The concept of
using ultraprofound hypothermia (<10°C) and complete blood replacement is appealing because
deeper hypothermia can provide more effective suppression of metabolism, thereby extending the
tolerance to ischemia and minimizing the demand for oxygen to levels that can be adequately
supplied in a cold aqueous solution without the need for special oxygen-carrying molecules.
Complete exsanguination ameliorates the complications associated with increased viscosity, coag-
ulopathies, and erythrocyte clumping of cooled blood. Moreover, vascular purging can remove
harmful catabolic products and formed elements that might participate in the ischemia and reper-
fusion injury cascades. Total exsanguination provides the opportunity to control directly the vascular
and extracellular compartments with fluids designed to be protective under the conditions of
ultraprofound hypothermia. Solutes can be added to maintain ionic and osmotic balance at the
cellular and tissue levels; biochemical and pharmacological additives can help sustain tissue integ-
rity in a variety of ways including efficient vascular flushing, membrane stabilization, free-radical
scavenging, and providing substrates for the regeneration of high-energy compounds during
rewarming and reperfusion. In essence, these are the principles that are embodied to a greater or
lesser extent in the design of various solutions used for ex vivo organ preservation and we have
adopted similar principles in the design of new hypothermic blood substitutes (HBS).

Our working hypothesis has been that acellular solutions can be designed to act as universal
tissue-preservation solutions during several hours of hypothermic whole-body washout involving
cardiac arrest, with or without circulatory arrest. On this basis, we have formulated and evaluated
two new types of solutions designated “Purge” and “Maintenance” HBS that fulfill separate
requirements during the asanguineous procedure.28,66,67,139,140 The principal solution (e.g., HTS/M
or Unisol-I in Table 2.3) is a hyperkalemic intracellular-type solution specifically designed to
maintain cellular integrity during the hypothermic interval at the lowest temperature. The second
solution (e.g., HTS/P or Unisol-E in Table 2.3) is designed to interface between the blood and the
maintenance solution during both cooling and warming. This companion solution is therefore an
extracellular-type flush solution designed to aid in purging the circulation of blood during cooling
since the removal of erythrocytes from the microvasculature is an important objective during
ultraprofound hypothermia. The “purge” solution is also designed to flush the system (vasculature
and CPB circuit) of the hyperkalemic maintenance solution during warming and possibly help to
flush out accumulated toxins and metabolic by-products that might promote oxidative stress and
free radical injury upon reperfusion. 
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Based upon the principles that have emerged from isolated organ preservation studies, an
attempt was made to incorporate the important characteristics in the formulation of the hypothermic
blood substitute solutions, and components that might fulfill multiple roles were selected wherever
possible. Conceptually, this strategy would maximize the intrinsic qualities of the solutions that,
by design as universal tissue-preservation solutions, would inevitably be a hybrid of other hypo-
thermic perfusates and storage-media.

TABLE 2.3
Composition of New Hypothermic Blood Substitutes Compared with 
“Gold Standard” Organ Preservation Solutions

Components
(mM 1–1) BMPS UW HTS/M HTS/P Unisol-I Unisol-E

Ionic
Na+ 100.0 30.0 100.0 141.2 62.5 141.2
K+ 25.0 125.0 42.5 3.0 70.0 6.0
Ca++ 0.5 – 0.05 1.5 0.05 1.5
Mg++ 5.0 5.0 5.0 1.0 15.0 5
Cl– 1.0 – 17.1 111.0 30.1 122.0
SO4- – 5.0 – 1.0 – 1.0

pH Buffers
H2PO4- 25.0 25.0 10.0 1.2 2.5 1.2
HPO42- – – – – – –
HCO3- – – 5.0 25.0 5.0 25.0
HEPES 10.0 – 25.0 25.0 35.0 25.0

Impermeants
Lactobionate- – 100.0 100.0 – 30.0 –
Raffinose – 30.0 – – – –
Sucrose – – 20.0 – 15.0 –
Mannitol 30.0 – 20.0 – 25.0 –
Glucose 10.0 – 5.0 5.0 5.0 5.0
Gluconate 85.0 – – – 70.0 –
Ribose 0.5 – – – – –

Colloids
HES 5% 5% – – – –
Dextran 40 – – 6% 6% 6% 6%

Pharmacologics
Adenosine – 5.0 2.0 1.0 2.0 1.0
Glutathione 3.0 3.0 3.0 3.0 3.0 3.0
Allopurinol 1.0 7.4 – – – –
Dexamethasone* – 8.0 – – – –
Adenine 5.0 – – – – –
Insulin** 40.0 100.0 – – – –
Osmolality (mOsm/Kg) – 320 360 305 350 315#
pH (t°C) – 7.4 7.6@ 7.6@ 7.6 7.5
[K+] [Cl-] 25 0 727 684 2100 732

BMPS: Belzer Machine Perfusion Solution (KPS1 from Organ Recovery Systems). UW:
University of Wisconsin solution (ViaSpan from Barr Laboratories). HTS/M: HypoThermo-
sol/Maintenance (BioLife Solutions). HTS/P: HypoThermosol-Purge (BioLife Solutions).
Unisol-I: Unisol-Intracellular Base (Organ Recovery Systems). Unisol-E: Unisol-Extracel-
lular base (Organ Recovery Systems). * = mg/l. ** = U/l. @ = at 25°C. $ = at 0°C
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The composition of the new hypothermic blood substitutes is listed in Table 2.3 and the rationale
for their formulation is described in Chapter 8 and elsewhere.28,67,190,221 These solutions have been
shown to protect the brain, heart, and visceral organs during 3.5 hours of cardiac arrest and global
ischemia in an asanguineous canine model during controlled profound hypothermia at less than
10°C.28,66,67 More recently, this approach has been applied experimentally to animal models (porcine
and canine) of hemorrhagic shock.139,140,222–224,225 This novel approach to clinical suspended anima-
tion (or corporoplegia, meaning literally “body paralysis”226) has been explored for resuscitation
after traumatic hemorrhagic shock in preclinical models relevant to both civilian and military
applications.225,139,222,223 In exsanguinating cardiac arrest (CA) conventional resuscitation attempts
are futile and result in 100% mortality.

In prior research studies our collaborators at the University of Pittsburgh introduced the use of
cold aortic saline flush at the start of CA to rapidly induce protective hypothermia during prolonged
CA (120 min) for hemostasis followed by resuscitation.222,223 Using a canine model, they showed
that a saline flush to a brain temperature of 10°C resulted in normal survival after 90 minutes, but
not consistently after CA = 120 minutes. However, an additional study in which Unisol plus the
antioxidant Tempol was evaluated as a comparative “optimized flush” showed a markedly improved
outcome in regards to physiology, neurology, and brain histology after 120 minutes CA compared
with the saline flush.

In separate studies, our collaborators at the Uniformed Services University of the Health
Sciences have developed a porcine model of uncontrolled lethal hemorrhage in which a combination
of the Maintenance and Purge solutions were used in a cardiopulmonary bypass (CPB) technique
to effect profound hypothermia and prolonged cardiac arrest (60 minutes) with resuscitation after
surgical repair of the vascular deficit induced to effect exsanguinations.139,140 In the most recent
study, after rewarming and discontinuation of CPB, pigs were recovered and monitored for 6 weeks
for neurological deficits, cognitive function (learning new skills), and organ dysfunction. Detailed
examination of brains was performed at 6 weeks. All the normothermic control animals died,
whereas 90% of the HBS animals survived and were neurologically intact, displayed normal
learning and memory capability, and had no long-term organ dysfunction. Profound hypothermia
markedly diminished total body metabolic activity as evidenced by significantly lower buildup of
lactic acid during the periods of hypothermia and rewarming. Histologic examination of brains
from the HBS survivors after 6 weeks revealed no ischemic damage in any of the animals, in
marked contrast to the brains from control animals, which all showed diffuse ischemic damage.225

Successful application of this technique to man would provide a greater than threefold extension
of the current limits of less than one hour for “safe” arrest without a high risk of neurological
complications. This novel approach to bloodless surgery would significantly broaden the window
of opportunity for surgical intervention in a variety of currently inoperable cases, principally in the
areas of cardiovascular surgery, neurosurgery, and emergency trauma surgery. This provides further
evidence for the protective properties of solutions such as Unisol used for global tissue preservation
during whole-body perfusion in which the microvasculature of the heart and brain are especially
vulnerable to ischemic injury.28 Moreover, the application of solution design for clinical suspended
animation under conditions of ultraprofound hypothermia places the HBS solutions HypoThermosol
and Unisol in a unique category as universal preservation media for all tissues in the body. In
contrast, all other preservation media, including the most widely used commercial solutions such
as UW-ViaSpan are established for specific organs, or groups of organs (e.g., UW for abdominal
organs and Celsior, Cardiosol, or Custodiol for thoracic organs).128,204 Moreover, the demonstrated
efficacy of these synthetic, acellular, hypothermic blood-substitute solutions justifies their consid-
eration for multiple organ harvesting from cadaveric and heart-beating donors.227
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2.6 CONCLUDING COMMENTS

Biopreservation employing hypothermic temperatures and appropriately designed solutions has
become a critical component of organ transplant therapy during the era of transplantation science.
Hypothermic storage of organs is based upon reductions in metabolic demands and oxygen require-
ments as temperature is reduced. Four levels of hypothermia have been defined in the medical
literature as mild (32° to 35°C), moderate (27° to 32°C), deep or profound (10° to 27°C), and
ultraprofound (<10°C).228 Profound hypothermia has been the most common hypothermic temper-
ature range applied for tissue and organ preservation. Initially, hypothermia is usually applied by
flushing organs with cold solution either just prior to removal from the donor or immediately after
removal from the donor. The solution is left in the organ vasculature and surrounds the organ during
hypothermic storage and transportation to the recipient. In some cases, the solution bathes the
exterior of the organ and is actively perfused through the organ’s vasculature during hypothermic
storage and transport. Traditionally, different solutions are used for flushing and static hypothermic
storage of organs than are used for perfusion hypothermic storage of organs as outlined above and
discussed in Chapter 9. 

For cell and tissue preservation the history of preservation strategies, particularly with regard to
appropriate solution design, is not so well established. There have been very few studies aimed at
optimizing solution design specifically for isolated cells, tissues, or engineered tissue constructs. In
some cases hypothermic organ preservation solutions have been used, but in general biologists have
tended to stick with what they know and have used tissue culture media, even for low-temperature
exposure. For the reasons expounded in this chapter this is inappropriate and it is preferable to focus
on the formulation of new solutions designed to protect cells and tissues during hypothermic exposure.
Similarly for cryopreservation the role of the vehicle solution for cryoprotective additives (CPAs) as
a determinant of cell survival has often been overlooked, or trivialized, by assuming that regular tissue
culture medium will suffice. There is now substantial evidence that this is not the case and a strategy
to design new solutions that take account of the biology of cell survival in the cold clearly leads to
improved methods of biopreservation.136,181,182,187–190,195,196,229–234,9,226 
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3.1 INTRODUCTION

 

As described in the introductory chapter of this text, the field of 

 

biopreservation

 

 is experiencing
rapid expansion.

 

1

 

 This is due in part to the growing interest and success in the areas of personalized
medicine and drug discovery. With expanded applications, new demands have been placed on the
preservation sciences to provide methodologies that facilitate retention of high degrees of cell
viability and function in complex and sensitive systems such as stem cells, cord blood, engineered
cells and tissues, etc. In many ways, these demands have pushed the preservation sciences to a
limit based on the traditional approaches and parameters guiding the discipline.

 

2

 

 As a result, the
preservation sciences have been forced to morph their focus into the disciplines of cell and molecular
biology in search of the next level of answers to drive continued scientific, technological, and
methodological development necessary to yield improved outcomes.

 

3

 

 These efforts have led to a
series of recent discoveries related to the molecular response of cells during and following the
preservation processes, along with the control of these processes. With these discoveries, we note
a paradigm shift leading to new approaches designed to improve preservation. The impact of this
paradigm change has had a ripple effect on the discipline of cryobiology as illustrated in the chapter
by Gage et al.,

 

4

 

 where these molecular discoveries promise to directly impact one area of cryo-
medicine.

The underlying phenomenon leading to this paradigm shift has been the discovery of the
activation of apoptosis during and following preservation.

 

5

 

 In 1998 Baust et al.

 

6

 

 first reported the
involvement of apoptosis as one of three distinct mechanisms of cell death contributing to cryo-
preservation failure: ice rupture, necrosis, and apoptosis. Since that time, a number of studies have
been published on cryopreservation-induced apoptosis and molecular-based cell death following
cryopreservation.

 

7–18

 

 These events identify the putative courses of 

 

cryopreservation-induced
delayed-onset cell death 

 

(CIDOD).

 

9,15

 

This chapter is focused on the discussion of the molecular-based modes, activation sites, and
pathways of cryopreservation failure. In addition, the chapter discusses how controlling these factors
has and will continue to lead to improved cryopreservation and hypothermic storage outcomes.

 

3.2 MODES OF CELL DEATH

 

It is now recognized that there are multiple modes of cell death associated with cryopreservation
failure and that the cell death processes continue many hours to days following thawing (Figure
3.1).

 

15,16

 

 Detailed descriptions of the preservation process (both hypothermic and cryopreservation)
have been provided in the preceding chapters, which mention the importance of understanding a
cell’s response to the cold in developing the most effective strategy for preservation.

 

1,19

 

 The control
of a cell’s response to low temperature entails a reduction in the stress levels experienced by a cell
during the process. In general, increased stress response leads to increased cell death through the
activation of apoptotic and necrotic cascades. In cryopreservation control of ice formation and
osmotic flux/mechanical response of cells during the freezing process are also important factors.

 

20–30

 

Management of these three modes of cell death (ice rupture, necrosis, and apoptosis) is now believed
to play a critical role in preservation efficacy.

 

3.2.1 P

 

HYSICAL

 

 E

 

VENTS

 

 R

 

ELATED

 

 C

 

ELL

 

 D

 

EATH

 

When one thinks of cell death and cryopreservation, failure due to ice-related cell destruction comes
to the forefront (Figure 3.1A). The discipline of cryobiology has been dedicated to the understand-
ing, control, and preservation of ice-related cell rupture since the late 1940s when Polge et al.

 

31

 

published on the use of glycerol as a cryoprotective agent (CPA) for the successful cryopreservation
of avian and bovine spermatozoa. Following this early report, a plethora of studies have been
dedicated to preventing intracellular ice formation thereby providing for successful cryopreservation
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outcome.

 

9,22,32–37

 

 Numerous mechanistic studies on compounds, which influence ice forma-
tion/growth through the “binding of free water”

 

 

 

(freezable) within a cell, continue to aid our
understanding of the cryopreservation process. The process, which depends on the use of agents
such as glycerol, dimethyl sulfoxide (DMSO), propanediol, etc., has provided for the effective
control and prevention of intracellular ice formation.

 

22,24,26,38–43

 

 This focus has played a critical role
in advancement of cryopreservation over the past 50 years.

 

3.2.2 P

 

ATHOLOGICAL

 

 C

 

ELL

 

 D

 

EATH

 

 (N

 

ECROSIS

 

)

 

While ice-related rupture has received the most research focus, necrotic cell death has been cited
in numerous cases of cryopreservation failure.

 

5,44,45

 

 Traditionally, 

 

necrosis

 

 is defined as pathological
cell death, a term used essentially to define “cellular murder.”

 

46,47

 

 Necrotic cell death can be defined
as an energy-independent form of cell death characterized by cellular and organelle swelling, loss
of membrane integrity, rupture of lysosomes, and random DNA degradation by endonucleases
resulting in cell lysis (Figure 3.1B).

 

47–49

 

 As a result of the loss of cell membrane integrity,

 

 

 

cells
lyse, release cytokines, and typically activate immune and inflammatory responses 

 

in vivo

 

.

 

46,47,49

 

The initiation and temporal progression of necrotic cell death is often rapid (minutes to hours).
Induction of necrosis is typically seen in a response to severe cellular stress and results in a cascade
of detrimental intracellular signals resulting in cell death. Necrotic cell death has been shown to
be activated by stressors such as ischemia, osmotic shock, sever thermal stress, ionic disregulation,
toxic agents, etc. Interestingly, many of these necrotic activating stressors are also involved in the
complex of stressor responses associated with preservation: hypothermic and cryopreservation.

 

3.2.3 G

 

ENE

 

 R

 

EGULATED

 

 C

 

ELL

 

 D

 

EATH

 

Programmed cell death, or apoptosis, is integral in the homeostatic maintenance of cell number
and tissue size in complex organisms.

 

51

 

 During development, apoptotic cell death plays a role in
neuronal innervation of muscles and the deletion of excess cells, such as the webbing between a
human’s fingers and toes, etc.

 

50–52

 

 Apoptotic processes are also a critical line of defense in
complex organisms facilitating the daily deletion of damaged cells throughout an organism’s

 

FIGURE 3.1

 

Modes of cell death associated with cryopreservation failure. Schematic diagram of the modes
of cell death associated with cryopreservation failure: Physical Ice Rupture (A), Necrotic Cell Death (B),
Apoptotic Cell Death (C) or Secondary Necrosis (D). (Adapted from Baust, 2002.)
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lifetime. Kerr et al.

 

48

 

 first used the term apoptosis (from the Greek meaning “separation of leaves”)
in 1972 to describe cells going through death by what he could only describe as shrinking necrosis.
Kerr described apoptosis as a normal physiological process. Following this first report, a distinct
field of research devoted to describing, characterizing, and unraveling the associated processes
(genes, proteins, cascades, time course, and salient morphological characteristics) has emerged.

 

51–58

 

These studies have led to the characterization of apoptosis as a highly conserved evolutionary
process among complex organisms ranging from nematodes to primates.

 

60–63

 

 Apoptosis is an energy-
dependent form of cell death (requires ATP), which follows a structural route of execution char-
acterized by the activation of specific intracellular proteases, cellular shrinking, maintenance of an
intact cell membrane, phospholipid inversion, nonrandom cleavage of DNA into 180 kDa fragments,
and formation of membrane blebs (apoptotic bodies) (Figure 3.1C). Apoptosis differs significantly
from necrosis in that there is no recruitment of a systematic immune response, therefore, no 

 

in
vivo

 

 inflammation.
Our knowledge regarding the genetics of apoptosis stems from initial studies conducted on the

nematode 

 

C. elegans

 

. Studies in the area of developmental biology by Horvitz et al. identified the
systematic deletion of 131 specific cells during development in 

 

C. elegans

 

 

 

through the activation
of specific genes ced-3 and ced-4.

 

59,63 

 

Further, Hengartner et al.

 

63

 

 showed that through the action
of the gene ced-9, programmed cell death could be prevented. Following the identification of these
genes and their processes in the nematode, multiple homologs to the ced-3, 4, and 9 genes were
found in higher eukaryotes including mice, rates, and humans.

 

54,60,65,66

 

 The cell death gene ced-3
was found to be homologous to interleukin IB converting enzyme (ICE). ICE, a cysteine protease,
is common to many organisms and is therefore indicative of a conserved programmed cell death
mechanism throughout the animal kingdom. Further, investigations have shown that in mammalian
systems, a series of ICE like cysteine proteases, termed caspases (cysteinyl aspartate-specific
proteases), plays a role in apoptotic cell death (ICE = caspase 3).

 

54,61,66

 

Apoptotic cell death is characterized by three stages: initiation, execution, and termination.
During each stage, a series of specific events is activated as part of a complex and elegantly
choreographed cascade leading to cell death. Progression of the cascade through each stage, as
well as through the substages, requires energy input (ATP) at checkpoints throughout the process.
During the progression of apoptosis, if energy (ATP) is unavailable, cells shunt to a necrotic cell
death pathway.

 

67

 

 This shunting has been termed 

 

secondary necrosis

 

16,68 

 

and is discussed in the
transitional cell death section of this chapter (Figure 3.1D). Apoptosis has been shown to be initiated
by a series of stresses including, but not limited to, radiation, cytotoxic agents, nutrient deprivation,
anoxia, growth factor withdrawal, temperature, excess or diminished gene products (apoptotic and
homeostatic), etc.

 

5,9,12,57,69–73

 

 Following induction at any number of organelles (discussed below),
apoptosis proceeds through a cascade of events including, but not limited to, caspase activation,
mitochondrial release of cytochrome C, cell cycle arrest, externalization of membranous phosphati-
dyl serine, alterations in gene expression, etc.

 

51,56,74–77

 

 This sequence of events leads the cell through
the execution stage into the termination stage where DNA is cleaved by exonucleases into ordered
fragments, membrane blebs and apoptotic bodies form and the complete systematic disassembly
of the cell is accomplished.

 

3.3 TIME TO DIE

 

As discussed, apoptosis is an intricate part of the everyday life of an organism. During development,
the apoptotic process helps to “mold” organisms in many differing ways—from the simple tissue
level, to organs, to the entire appearance of the organism.

 

78 

 

As previously mentioned, in 

 

C. elegans

 

131 cells die at programmed intervals in order to “mold” the organism.

 

59

 

 At the mammalian level,
apoptosis too plays an equivalent role in the maintenance and control of both life and death of the
organism through the targeted removal of “unnecessary” cells. For example, it is well documented
that during natal human development, the fetus possesses webbing between its digits. However,
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upon birth, in most cases, the webbing is absent. The selective removal of this webbing prior to
birth can be attributed to selective, developmental programmed cell death. The same can be said
for the observed removal of fetal tail buds. Developmental apoptosis does not simply involve the
elimination of vestigial features of a fetus, but also is an intricate process in the development of
the human nervous system, playing a role in brain cortical development and neuronal innervation
of tissues and organs.

 

79,80

 

 Following fetal developmental cessation and birth, apoptosis continues
to play a role in human survival. The apoptotic processes are responsible for the continual main-
tenance of the cellular components of all tissues and organ systems within the body. Within organ
systems such as the skin or liver, apoptosis plays a daily role in the turnover and regeneration
processes necessary to maintain viable and functional organ systems.

 

81–84

 

 With apoptosis playing
such a predominant yet selective role in organismal homeostasis, the questions of “when cells know
it is time to die and how these processes are initiated within the cell” have become central to
shaping today’s research in this area.

A definitive answer to the question of “when to die” is proving difficult to obtain. The induction
of the apoptotic processes by selective cells within organ systems can be mediated by a number
of differing stimuli ranging from cellular “old age” to lethal genomic DNA errors to cellular stresses
(e.g., hypothermia, hypoxia hypersensitivity, nutrient deprivation, exposure to toxins, etc.). These
death-initiating stimuli experienced by a single cell or group of cells within an organism may result
in the induction of the apoptotic process through a number of differing pathways.

 

85–89

 

 How exactly
an individual cell processes the information on “when to die” is actively being researched. With
new information, one common theme seems to resonate throughout the field of apoptotic research:
cells do die and we are still not sure why.

 

3.4 INDUCTION OF APOPTOSIS

 

The induction of apoptosis can result from a number of different stress factors experienced by a
cell. Initiation of apoptotic cascades occurs at one of three primary locations within a cell: the cell
membrane, the mitochondria, or the nucleus.

 

4,6,12,62,75,90

 

 Each of the initiation points results in the
activation and progression of cell death through a distinct pathway. Despite activation of a distinct
pathway by the initiating organelle, once activated there is a series of feedback, amplification, and
cross-talk biochemical signaling loops, which are subsequently activated and result in the potenti-
ation of the apoptotic signal.

 

72,91

 

 This cross-talk and amplification is believed to have evolved as a
redundant biochemical system to help assure ordered cell death following the initiation of apoptosis.
As will be discussed in the Targeted Apoptotic Control (TAC)

 

16

 

 section, it is this feature that makes
apoptotic control in cryopreservation difficult.

There is a wealth of knowledge surrounding the signal transduction cascades associated with
the progression of apoptosis from all three initiating organelles. Researchers have shown that there
is a distinct set of signaling proteins associated with apoptotic initiation from each organelle, all
of which typically feed into the proteolytic caspase cascade leading to cell death.

 

54,65,92,93

 

3.4.1 M

 

EMBRANE

 

 R

 

ECEPTOR

 

 M

 

EDIATED

 

 A

 

POPTOSIS

 

One common location for the initiation of apoptosis is that of the cell membrane.

 

85

 

 Every cell has
a series of protein receptors on its surface designed to initiate the apoptotic cascade. These receptors
include several members of the TNF superfamily including FAS, TNF1 and 2, TRAIL, TRANCE,
etc.

 

75,94

 

 These surface receptors have been shown to be pleiotropic mediators of an immune response
as well as apoptotic program initiators through ligand binding.

 

95,96

 

Activation of one of the TNF superfamily surface-receptor proteins leads to the activation of
a series of downstream signal transduction (protein) messages.

 

94,97

 

 One such receptor, TNF1,

 

98

 

 when
activated, results in the recruitment of the intracellular protein TRADD. TRADD binds to the
activated TNF1 complex on the intracellular side of the plasma membrane. Once bound and
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activated, TRADD acts as a signal and recruitment adaptor molecule for the protein FADD (Fas
activated death domain), which in turn acts as a recruitment signal and adaptor protein for pro-
caspase 8 (inactive caspase 8).

Following binding to FADD, procaspase 8 undergoes proteolytic processing, resulting in the
activation and release of active caspase 8.

 

99,100

 

 Once activated, caspase 8, through a specific pathway,
activates caspase 3, 6, and 7. Caspase 7 in turn acts as a signal amplification molecule to recruit
and activate additional pathways, and results in cleavage of cellular DNA followed by cell
death.

 

101–103

 

3.4.2 M

 

ITOCHONDRIAL

 

 I

 

NDUCED

 

 A

 

POPTOSIS

 

As much as any other organelle, the mitochondrion plays a critical role in both cell survival and
death. The mitochondria within a cell are responsible for generation of most of a cell’s energy
through oxidative respiration. While critical to cell survival, the mitochondrion also serve as a
primary activation site for apoptotic cell death.

 

88,90,103

 

 Accordingly, there are several genes and
proteins associated with the mitochondria that regulate its functional status of a life sustainer or
terminator. The mitochondria are now recognized as key to both necrosis and apoptosis.

 

104,105

 

 The
decision by a cell to launch apoptosis can be, in part, dictated by the cytoplasmic ratio of the anti-
apoptotic to pro-apoptotic proteins.

 

105,106

 

 Most of the known anti-apoptotic and pro-apoptotic pro-
teins are directly related to the mitochondrial Bcl-2 family. Bcl-2 was originally found at the
chromosomal translocation in follicular lymphomas and subsequently determined to inhibit apop-
tosis. Experiments in the nematode 

 

C. elegans

 

 determined that the apoptosis-inhibiting gene, ced-
9, was homologous to Bcl-2 and served a similar function, suggesting that apoptosis prevention
may be of universal importance.

 

63,107

 

The family of proteins most commonly associated with the mitochondria is the Bcl-2 family,
which consists of both pro- and anti-apoptotic members. The mechanisms by which these pro- and
anti-apoptotic proteins work are still not fully understood. The anti-apoptotic Bcl-2 family members
may work through dimerization with other Bcl-2 family members, inhibition of caspase cleavage
(activation), or phosphorylation of selected proteins.

 

108,109

 

 Bcl-2 may also work by blocking the
mitochondrial permeability transition pore that is thought to initiate apoptosis triggered by the
release of cytochrome C through voltage-dependent anion channel (VDAC).

 

88,90,109,110

 

 Cytochrome
C, in turn, may activate procaspases, leading to the demise of the cell.

 

61,77

 

 The proteins comprising
the VDAC are thought to work together to permit the increase in permeability of the mitochondrial
inner membrane to solutes with a molecular mass below 1500 Da

 

 

 

that include superoxide anions
that leak to the cytosol.

 

110 

 

An inward flux of these molecules through the VDAC results in the loss
of proton motive force in the mictohondria, triggering apoptosis and/or necrosis.

 

105

 

Bcl-2 and Bcl-X

 

L

 

 family members are anti-apoptotic while Bax, Bad, and Bid

 

 

 

are pro-apoptotic.
These proteins act by regulating (or deregulating in the case of pro-apoptosis) the mitochondrial
permeability transition pore (mPTP), mitochondrial transmembrane potential, and the subsequent
release of cytochrome C from the inner mitochondrial space. When opening the mPTP the result
is a decrease/loss in the mitochondrial transmembrane potential and release of cytochrome C into
the cytosol where it binds (heterodimerizes) with the molecule APAF-1.

 

77

 

 This heterodimerization
results in the recruitment of procaspase 9, forming a complex known as the apoptosome, resulting
in the activation and release of caspase 9. Following activation, caspase 9 (an upstream caspase)
acts as an activator of downstream execution caspases (caspases 3, 6, 7), as well as a feedback-
signaling molecule causing the release of additional cytochrome C and transcriptional up-regulation
of procaspase 9 mRNA.

 

61

 

 As described in membrane-mediated apoptosis, activation of caspase 3,
6, and 7 results in a series of degradation events for target molecules such as PARP (poly- ADP
ribose- polymerase), DNA, ICAD, etc., leading to cell death.

 

103,111
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3.4.3 N

 

UCLEAR

 

-I

 

NDUCED

 

 A

 

POPTOSIS

 

Another primary site of apoptotic induction is that of a cell’s nucleus. Cell stressors that act on
nuclear targets often result in the initiation of an apoptotic response. Stress factors such as UV
radiation (direct DNA damage), growth factor deprivation, deregulation of cell cycle processes
(DNA synthesis, alterations in cell cycle regulation, and at protein levels, disruption of cytoskeletal
protein arrangement, etc.), oxygen free radicals, toxins, steroids, etc. have all been shown to initiate
a nuclear-mediated apoptotic response.

 

56,57,112–114

 

 Most, if not all, of the nuclear-mediated apoptotic
response stressors result in some form of DNA damage (breaks, nucleotide misincorporation,
genetic recombination). Alterations in DNA integrity typically result in the activation of p53 (a
DNA proofreading protein), which in turn signals cell cycle arrest and initiates a series of signaling
cascades leading to either DNA repair or apoptosis.

 

113,115

 

 The decision between activation of repair
processes vs. cell death progression is complex and involves a host of signal-mediating proteins
related to the intensity of the stress, extent of DNA damage, and the availability of ATP to effect
repair.

 

58

 

 In extreme cases of DNA damage, the signaling pathway initiated by p53 has also been
shown to shunt the cell from apoptotic to necrotic cell death when energy levels are low.

 

113

 

3.5 TRANSITIONAL CELL DEATH

 

Historically, molecular-based cell death has been thought to proceed through either an apoptotic
or necrotic path. Apoptosis has been viewed as “more of a molecular response” with necrosis
considered “less molecular” at the intracellular signaling level. However, our view of the molecular
cell death landscape has evolved substantially over the past few years to suggest that apoptosis and
necrosis represent more of extremes on a continuum of molecular-based cell death. Apoptosis is
now viewed as a mode of cell death that can present itself in many forms. For instance, Bras et
al.

 

116

 

 have suggested that three types of apoptosis occur. Type I is the conventional view of apoptosis
that does not involve lysosomes but does rely on caspase activation. Presently, over a dozen caspases
are recognized, many of which are linked together.

 

103,111

 

 Type II, by contrast, is characterized by
lysosomal-linked autophagocytosis. Type III is lysosomal-independent, necrosis-like apoptosis
marked by swelling of intracellular organelles. These three types may be linked by the mitochondria
and the critical role this organelle may play in switching between all three death modes.

 

116

 

 Many
of the caspases are linked to the mitochondria and appear to play roles both in apoptosis and
necrosis.

 

61

 

 Essentially, it is now believed that in many cases when a cell commits to death, an
apoptotic response is activated and proceeds to the point of cellular execution (classical apoptosis)
or to a point where the stress becomes too great or energy reserves (ATP levels) too low for
continuation of apoptosis. At this point the cell has committed to death and shunts from apoptosis
to necrosis for the completion of the cell death process (secondary necrosis) (Figure 3.1D).

 

68,118,119

 

The ability of cells to switch from apoptotic to necrotic cell death and even back again was first
demonstrated in 1997 by Liest et al.67 In this study, Jurkat cells were enticed into apoptosis, and
then depleted of energy, which led to a shift in cell death characteristics from apoptotic to necrotic.
Interestingly, when energy substrates were added back to the system, cell death characteristics
reverted back to apoptotic. However, there was a point at which this reversal was no longer possible.
This transitional cell death has been demonstrated in a number of subsequent studies and has
provided a basis for the cell death continuum concept emphasized in this chapter. Common stressors
such as nutrient deprivation, DNA damage, cytokine exposure, cytotoxic agents, oxygen deprivation,
ionic imbalance, etc. have all been shown to result in the activation of both apoptosis and also
necrosis in a multiplicity of cell systems based on the relative degree of the stress experienced by
the cell. Another situation where observations of transitional cell death have been noted is that of
genomic and proteomic alterations in cell death pathways.120–122 There are many examples of gene
mutations—alterations in expression or deletion—resulting in the inability of a cell to progress
properly through classical apoptotic cascades, thereby switching to necrosis. One such example of
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“atypical” apoptosis is observed in the human prostate cancer cell line PC-3. PC-3 cells are deficient
in the DNA proofreading, apoptotic initiator protein p53. This mutation results in a reduction in
the ability of this cell type to undergo apoptosis. Despite this mutation, PC-3 cells can progress
through both apoptotic and necrotic pathways, which would typically involve p53123 by recruiting
additional apoptotic and necrotic response elements to continue cell death. Other examples are seen
when there is an inhibition of caspase activity in cells undergoing apoptosis.124 In many cases these
cells simply shift from apoptotic to necrotic cell death when the necessary caspase becomes
unavailable.100,125,126

The transitional nature of cell death pathways in response to similar stressors makes for an
extremely complex environment to characterize when it comes to situations where multiple stressors
are involved, such as cryopreservation and hypothermic preservation.

3.6 CRYOPRESERVATION-INDUCED, MOLECULAR-BASED 
CELL DEATH

It has only recently been discovered that cell death following cryopreservation is linked with
apoptotic and secondary necrotic mechanisms.3 Upon reflection and consideration of the stresses
associated with cryopreservation, it now seems intuitive that apoptotic processes should be involved
with cryopreservation failure. In 1995, Jurisicova, et al.127 reported on observations of apoptosis
contributing to cellular demise following cryopreservation in pre-implanted human embryos. The
authors identified programmed cell death (PCD) as a contributor to postcryopreservation embryo
demise and hypothesized that “the PCD was due to either natural incidence of lethal chromosomes
in the human population or due to the in vitro fertilization and culture conditions.” Later, Borderie
et al.128 reported on the observation of a discrepancy (20–54%) in cell survival following frozen
storage (–80°C) of human keratinocytes. The discrepancy was noted when results were obtained
through assessment of viability using trypan blue and flow cytometry. The authors also noted the
presence of apoptotic cells within the culture following a 24-hour recovery period. Additionally,
the presence of apoptotic cells following transplantation (2–14 days) of cryopreserved allograft
heart valves has also been reported.129 Despite these observations, it was not until 1998 that a first
report directly linking apoptosis to cell death following cryopreservation was published.6 The
discovery of apoptotic involvement was found through electrophoretic analysis of DNA from cell
populations one to two days post-thaw. These DNA gels demonstrated that apoptosis was occurring
as a result of cryopreservation through the appearance of the hallmark 180–200bp DNA fragment
bands. Interestingly, it was seen that the hallmark DNA characteristics of apoptotic (DNA banding
or ladder) and necrotic (DNA smear) cell death were not detectable until many hours to days post-
thaw, revealing a significant temporal component to cell death following cryopreservation. Since
this report, there have been numerous studies looking to identify apoptotic involvement in cryo-
preservation failure.5,8,9,11,15,18,130–134 With this increase in activity, there have been numerous reports
showing apoptotic involvement as well as a handful claiming the contrary (not finding apoptosis)
in their respective systems.135–137

3.6.1 APOPTOSIS IN CRYOPRESERVATION

Apoptosis has now been documented in a wide variety of cellular systems following cryopreser-
vation. Since 1998, studies identifying post-thaw apoptosis have begun to appear from numerous
systems including renal cells, fibroblasts, hepatocytes, peripheral blood mononuclear cells, cord
blood, spermatozoa, oocytes, ovarian tissue, vascular tissue, etc.7,9,10,13,16,18,133,136,138

In 2000, Fowke et al.44 and Baust et al.5 separately reported on apoptosis following cryopreser-
vation in PBMC and renal cells, respectively. In the following year Fu et al.7 and Yagi et al.8 reported
on the involvement of apoptosis following cryopreservation in mouse and porcine hepatocytes,
respectively. Additionally, Schuurhuis et al.138 and Lund et al.139 documented apoptosis in PBMCs

2772_C003.fm  Page 70  Thursday, July 13, 2006  10:51 AM

© 2007 by Taylor & Francis Group, LLC



Properties of Cells and Tissues Influencing Preservation Outcome 71

following thawing. Further reports in the gamete cryopreservation area have documented the
presence of apoptotic cells following thawing in sperm, oocytes, and ovarian tissue.18,132,133,136,142

The presence and contribution of apoptosis has also now been reported in red blood cells,143

cornea,144 stem cells,10 cord blood,13 lymphocytes, and oocytes.133 These reports as well as others
continue to solidify the foundation of molecular-based cell death following cryopreservation as a
universal phenomenon influencing cryopreservation outcome.

3.6.2 CRYOPRESERVATION-INDUCED, DELAYED-ONSET CELL DEATH

From a review of the literature on the type, time course, and extent of cell death associated with
cryopreservation, one can now conclude that molecular-based cell death (apoptosis) plays a critical
role in the outcome of many, if not all, cellular systems. One critical point underlying this statement
(and interpretation of the literature base) is that of the temporal component of post-cryopreservation
cell death and the assay system used for evaluation3 (see Chapter 6). Simply stated, evaluation of
cell populations within a few hours post-thaw does not allow for the identification of the full extent
of apoptosis or necrosis due to the time course of the cell death machinery regardless of the assay
system utilized. The manifestation of molecular-based cell death may take many hours to days to
occur following thawing. It is this temporal component that continues to elude many investigators
seeking to identify and characterize molecular cell death following preservation. In 2001, a report
detailed the timing of cell death following cryopreservation, terming the phenomena Cryopreser-
vation-Induced, Delayed-Onset Cell Death (CIDOCD) (Figure 3.2).9 This study showed that fol-
lowing thawing there was a delay in the peak of necrotic activity until 6 hours post-thaw with a
subsequent peak in apoptosis at 12 hours post-thaw. The measurements of apoptotic and necrotic

FIGURE 3.2 Effect of cryopreservation-induced, delayed-onset cell death on cell survival following thawing.
Representative graphic of the timing of cell death resultant from molecular-based cellular events activated
during and following the cryopreservation process. Typically samples demonstrate a high degree of viability
immediately post-thaw, but during the initial “recovery” period a significant level of cell death occurs, resulting
in a much lower level of actual survival. Fluorescent probing of peripheral blood mononuclear cells for early
stage necrotic (red), apoptotic (green), and living (blue) cell populations visually illustrates this phenomenon
(micrograph inserts). Temporal assessment of cell populations during initial post-thaw recovery clearly dem-
onstrates that the appearance and progression of molecular-based cell death occurs and continues from many
hours to days following thawing.
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activity were based on early stage event indicators, thereby identifying cells that were indistin-
guishable from living cells based upon typical viability indicators (i.e., trypan blue). With the
progression of the cell death cascades, it was not until 24 hours post-thaw that a nadir in cell
survival was observed. From this study, it was documented that the timing of analysis for assessment
of cryopreservation failure is critical. With the identification of the temporal component of cryo-
preservation failure, a series of investigations were launched to uncover the path of molecular cell
death progression. In 2002, Baust et al.15 reported on a genomic response within human fibroblasts
following cryopreservation contributing to this temporal component. This study reported that
following thawing there was an increase in transcriptional activity of key apoptotic enzymes
(caspase 3, 8, 9) in a delayed manner with a peak in transcriptional activity of caspase 8 and 9 at
12 hours post-thaw and caspase 3 at 18 hours post-thaw. Further analysis of caspase 3-proteolytic
activity revealed an extended plateau in activity 21 to 36 hours post-thaw. This gene-mediated
response resulted in an observed nadir in cell survival at 24 hours post-thaw with continued cell
death out to 48 hours post-thaw. Concurrent with this study in fibroblasts, Vogel et al.145 reported
on the proteolytic activation of caspase 3 following cryopreservation in a renal model. This study
demonstrated substantial alterations in the cellular-outcome proteolytic activity immediately post-
thaw (6 hours) followed by a subsequent increase in activity over 12 to 18 hours post-thaw with a
return to a basal level by 24 to 36 hours. Schmidt-Mende et al.130 independently substantiated the
observation of post-thaw protease activation in a bone marrow cells model. They reported on a
high level of intrinsic proteolytic activity following preservation leading to the cleavage of various
apoptotic-signaling proteins. These studies further demonstrated that protease activity was blocked
by the inclusion of a protease inhibitor in the freeze medium. These studies demonstrated that
improved cryopreservation outcome was possible through the modulation of the apoptotic process
via caspase inhibition during and following the cryopreservation interval. To further implicate
caspase activation following cryopreservation, Paasch et al.132 reported on the activation of caspase
in human spermatozoa and Yagi et al.8 did so following thawing in a porcine hepatocytes model.
Based upon the reports of specific protein upregulation, Vogel, et al.,146 more recently reported on
an increase in proteolytic activity of numerous proteins following cryopreservation in a human
fibroblast model.

3.6.3 EFFECTS OF CRYOPRESERVATION ON CELL FUNCTION

While a substantial literature base exists detailing the effects of post-cryopreservation apoptosis,
there are, nonetheless, recent reports refuting these claims. In 2002, Ricco et al.135 reported that
cryopreservation of PBMC did not result in increased levels of apoptosis 24 hours post-thaw. These
findings are in contrast to the previously cited studies. Further, in a recent study by Baust et al.,136

it was reported that both apoptosis and necrosis play a significant role in cell death following
cryopreservation. Comparison of the two studies revealed that the temporal component of PBMC
death played a critical role in guiding the interpretation of results (no finding of apoptosis). In the
Ricco et al.135 study, PBMC analysis was conducted immediately post-thaw and 24 hours later. In
the Baust et al.136 study, PBMC necrosis and apoptosis was found to peak at 4 to 8 hours,
respectively, with minimal levels of either form of cell death noted at 24 hours (Figure 3.2,
micrographs). Comparison of these two studies serves as an example of the influence that the
temporal components and cell type specificity can have on interpretation of results. Subsequent
studies have shown that the delayed molecular effects following thawing extend beyond that of
cell death but impact function as well. Overall function of cellular systems following cryopreser-
vation had been an issue often neglected in the past. The literature contains numerous reports citing
high retention of cell viability and function post-thaw. However, in-depth examination of the
literature reveals that there is a substantial reduction in function of many cells post-thaw. This effect
has been documented in hepatocytes,147,148 pancreatic islets,149 cardiac cells,150 blood cells,151 and
stem cells,152 to name but a few. In 2000, Fowke et al.44 described the use of early apoptotic events
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as a means of assessing sample quality in peripheral blood mononuclear cells (PBMC). Abrahamsen
et al.11 applied a similar approach by using flow cytometry to assess apoptosis and necrosis levels
in PBMC samples following cryopreservation as a means of determining cell concentration and
dosing parameters in cancer patients. These authors also reported that cryopreservation affected
the level of CD34+ expressing cells in PBMC samples. Later de Boer et al.10 showed that cryo-
preservation resulted in an impairment of function in CD34+ cells reducing their effectiveness in
stem cell grafts. Reports in the area of gamete cryopreservation have also described decreased
function.142,153 Studies in cryopreservation of sperm now link cryopreservation and molecular
responses along with a loss of acrosomal and motility functions. More recently, studies have begun
to detail the effects of cryopreservation on the biochemical functionality of cell systems such as
hepatocytes14,154 and cardiomyocytes150 as well as the improvement in cell function through newly
developed approaches to cryopreservation. Baust et al.155 in an analysis of the impact of cryopreser-
vation on the cellular proteome found that there is an effect on a cell’s phenotypic fingerprint many
hours to days post-thaw. Van Buskirk et al.68 also recently discussed this effect on the cellular
proteome. These examples provide a mere sampling of the downstream effects cryopreservation
may have on cellular function.

3.7 INITIATION OF CRYOPRESERVATION-INDUCED 
MOLECULAR DEATH

Much attention has been paid to identifying and quantifying molecular cell death following
cryopreservation, but few detailed investigations into the initiating stresses have been conducted.
Inherent in the process of cryopreservation is the exposure of cells to stressors, many of which
can initiate a molecular death response in conjunction with one another. Many of these factors
were recently reviewed15,16 and include metabolic uncoupling, production of free radicals, alter-
ations in cell membrane structure and fluidity, deregulation of cellular ionic balances, release of
calcium from intracellular stores, osmotic fluxes, and cryoprotective agent exposure. This list of
stresses associated with cryopreservation is by no means complete but serves as a guide to the
complexity of stressors, stress response mechanisms, and influence on cellular initiation sites.
In many cases, the accumulation of numerous sublethal stressors during the preservation process
results in activation of apoptosis followed by a shift to secondary necrosis due to a lack of energy
and continual “build up” of stressors within the cell. In an attempt to gain insight into the effect
of the various stressors associated with cryopreservation, recent studies have focused on the
various initiation sites of apoptosis. These studies shed light onto the pathways of molecular cell
death associated with cryopreservation.

3.7.1 MEMBRANE EVENTS

The effect of the freezing process on the cell membrane has been studied extensively from the
ultrastructural prospective. Studies detailing the increase in viscosity of the cell membrane in
response to low temperature are common.152,156,157 Further studies have shown that the membrane
becomes more permeable at low temperatures due to channel formation in the lipid bilayer.
Steponkus et al.29 reported on the aggregation of proteins and the formation of circular lipid
rings within the lipid bilayer of the cell resulting in irreversible damage and subsequent cell
death.

Recently, studies have turned toward the analysis of molecular-induced events associated with
the cell membrane following cryopreservation. As a result, there is now a growing yet limited base
of knowledge in membrane-mediated responses. We first implicated the involvement of the cell
membrane in cryopreservation-induced apoptosis in a 2002 study, which found that during post-
thaw recovery there was a transcriptional upregulation of caspase 8.15 Further studies have shown
that following thawing there is an alteration in the protein levels of Fas and FADD along with the
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activation of caspase 8 (Baust et al., unpublished data). Additionally, studies from the field of
cryomedicine have shown the activation of TNF and TRAIL pathways in response to freezing.158–160

Most recently, our group has noted that the inhibition of FAS activation during cryopreservation
results in an increase in cell survival (Baust et al., unpublished data). In contrast, Bischof’s group
has shown that through the activation of the TNF receptor, the efficacy of cryodestruction can be
increased.161 These studies, taken together, argue for a strong involvement of the activation of
membrane-induced molecular cell death signaling following low-temperature exposure.

3.7.2 MITOCHONDRIAL RESPONSE TO LOW TEMPERATURE

As described earlier, the mitochondrion plays a pivotal role in the control and initiation of apoptosis.
In the area of low-temperature stress/response, several studies have now linked the mitochondria
to the initiation of apoptosis following preservation. In 2001 our group reported on the transcrip-
tional activation of caspase 9 following cryopreservation.15 Ahn et al.162 extended these studies by
reporting on mitochondrial dysfunction in two-cell mouse embryos following cryopreservation.
Subsequent to this report, a series of studies appeared investigating mitochondrial involvement in
both cryopreservation and hypothermic storage cell death. Vogel et al.163 showed that there was an
alteration in the Bcl-2 and Bax levels following cryopreservation resulting in a shift toward
intracellular pro-death cell death signaling in a human fibroblast model. Clarke et al.164 reported a
similar finding in prostate cancer cells in response to freezing. Lastly, Anderson et al.165 published
on the translocation of Bax from the cytosol to the mitochondria following low-temperature
exposure in a hypothermia model. Investigations into mitochondrial involvement have now shown
that following low-temperature storage there is a loss of mitochondrial transmembrane potential
as well as a release of cytochrome C, the activation of caspase 9, and subsequent apoptosis.166 A
number of additional studies exist on mitochondrial involvement (especially in the area of hypo-
thermic storage), but from the above studies it is clear that the mitochondria play a crucial role in
activation of molecular-based cell death following preservation.

3.7.3 NUCLEAR INITIATION OF APOPTOSIS

While a literature base exists for the mitochondrial and membrane-induced apoptosis associated
with cryopreservation, there is a much smaller body of information detailing nuclear involvement.
To date, most investigations have focused on examination of nuclear events as an identification of
molecular cell death utilizing assay systems such as TUNNEL, DNA gel electrophoresis, comet
assay, and western blotting of nuclear proteins.5,13,140,167,168 These studies have shown a disruption
in DNA integrity, cleavage of nuclear proteins such as PARP, increase in xIAP, CAD activation,
etc. All of these events have been studied in the context of downstream effects of the apoptotic
process activated following cryopreservation. Specific studies on actual nuclear events that lead to
the activation of apoptosis are limited. With that said, there are studies demonstrating DNA damage
in spermatozoa following thawing and subsequent cell death.140,167,168 Further, a recent study by
Clarke et al.159 utilizing cDNA microarray analysis in a cryotherapy model showed a significant
genetic response to freezing within a few hours post-thaw. While this study did not focus specifically
on the nucleus as an initiation site, it nonetheless demonstrated a large nuclear-based response to
freezing leading to a number of cascade activations including those of nuclear-initiated apoptosis.
With the explosion of microarray analysis and the plethora of gene activation data, it is only a
matter of time before a more in-depth understanding of nuclear-initiated apoptosis in cryopreser-
vation failure will be described.
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3.8 CONTROL OF CRYOPRESERVATION-INDUCED 
MOLECULAR RESPONSE

With the discovery of molecular responses in cells to the preservation process, there have been
numerous attempts to control these events in an effort to improve preservation outcome. These
approaches vary from alteration in solution (cryoprotectant carrier media) design to addition of
protective agents for targeted control of apoptosis. Of these attempts the alteration in preservation
solution design has proven most beneficial.

3.8.1 NEXT-GENERATION CRYOPRESERVATION SOLUTIONS

The most significant shift in the approach to improve cryopreservation methodologies in recent
years is that of carrier media design. Traditional cryopreservation media formulations consist of a
basal culture media with serum protein and DMSO supplementation. While providing for physical
protection through the DMSO and proteins components, the basal solutions do not provide for
control/modulation of the molecular response of cells to preservation stresses. These solutions fall
short by failing to control alterations in solution pH, cellular generation of free radicals, energy
deprivation, etc. Further, culture media based solutions fail to provide the appropriate ionic envi-
ronment necessary for cell survival and reduction of cellular stress during preservation.169 These
media are historically, exclusively “extracellular-like” with regard to ionic concentrations (high
Na+, low K+). These properties of the preservation solution do not adequately protect at a cellular
and molecular level, thereby exacerbating cell death.16

In contrast to traditional carrier media, a new generation of cryopreservation solutions is
designed around the concept of an “intracellular-type carrier media” (low Na+, high K+).5,169

Additionally, these solutions contain buffers, which have an extended dynamic thermal range of
activity, supplemental free-radical scavengers, energy substrates, etc.16 In fact, the formulation of
these cryopreservation solutions has taken the lead from the field of hypothermic storage solutions
(see Chapter 2) to provide for more effective cryopreservation. Successes with this approach have
been detailed in a series of reports in cellular systems such as hepatocytes,154 cord blood,170 stem
cells, PBMC’s,136 fibroblasts,9 keratinocytes,15 blood vessels,171 engineered tissue,172 etc. (Figure
3.3). In most of these studies evaluation of the cryopreservation media CryoStor™ was conducted,
which yielded significant improvement in cell survival, function, and growth. In many cases a
doubling of cell number was noted at the nadir of cell survival when contrasted with DMSO plus
cell culture media. Interestingly, in most of these studies, the improvement in viability and sample
quality was not noted immediately post-thaw. It was not until the molecular-based events fully
manifested that the significant improvement was observed. Studies have shown that the basis of
the observed improvement in cell survival and function was due to a direct reduction in the level
of both apoptosis and necrosis during post-thaw recovery.9,15 This relationship has been demon-
strated in a number of studies, which have detailed a direct reduction in apoptotic and necrotic cell
number, transcriptional upregulation of caspases, shift in Bcl-2/Bax ratio, and the extent of DNA
damage.15,16,145 These studies have all shown that the use of new-generation cryopreservation
solutions is significantly changing cryopreservation outcomes (Figure 3.3).

3.8.2 TARGETED APOPTOTIC CONTROL

While next-generation solutions have provided for marked overall improvement in cryopreservation
outcome, another area of interest is that of Targeted Apoptotic Control (TAC).16 The identification
of the involvement of apoptosis in cryopreservation failure has led to numerous studies investigating
the feasibility and effectiveness of TAC. In 2000 our group first reported on the attempt to control
the activation of apoptosis following cryopreservation through caspase inhibition in a renal
cell model.5 This study reported that TAC, in combination with CryoStor™ solutions, could mark-
edly improve cell survival. A subsequent study demonstrated that through TAC both the levels of
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post-thaw apoptosis and necrosis could be significantly reduced.9 These findings provided a basis
for a hypothesis detailing transitional cell death playing a role in cryopreservation failure. Yagi et
al.8 have reported on the benefit of TAC in improving hepatocyte cryopreservation, a significant
investigative milestone. Following this study, a number of additional reports have been published
on the incorporation of caspase inhibitors into cryopreservation media to effect improved cell
survival via TAC.16 Recently, Robilotto et al.173 described the benefit of calpain inhibitors during
cryopreservation to improve cell survival. While a number of studies have been reported, to date
none have proven practical for broad-based application in the cryopreservation sciences.

3.9 ENABLING TISSUE CRYOPRESERVATION

Generally speaking, the emphasis in the cryopreservation sciences has been on cellular systems
both at the physical as well as molecular levels. Translation of these approaches into the area of
tissue cryopreservation has been formidable.174–177 This area includes both tissue freezing and
vitrification. Brockbank and Taylor provide a more in-depth discussion on tissue preservation in
Chapter 8. Here, we choose to focus on tissue freezing and studies involving molecular findings
related to cell death and function. The challenges faced in the cryopreservation of cells translate
directly into tissue systems compounded by the existence of cell-to-cell interactions, diffusion and
permeability limits, nonuniform heat transfer (both during cooling and warming), etc. These factors

FIGURE 3.3 Comparison of the effect of extracellular vs. intracellular-like cryopreservation solutions on 24-
hour post-thaw viability in model cell systems. Cryopreservation of cellular systems in new-generation
intracellular-type carrier solutions results in a significant improvement in post-thaw cell survival. Interestingly,
the improvements are not typically seen immediately post-thaw, but it is not until the molecular-based cell
death events manifest that the difference is seen. The protective benefits of these intracellular-like solutions
is seen across many cellular and tissue systems. Data from several model systems are illustrated above in
comparison to their respective prefreeze controls. Solution Key: Extracellular-Like: F10 = fibroblast growth
media + 10% DMSO; S10 = skeletal muscle growth media + 10% DMSO; K10 = keratinocyte growth media
+ 10% DMSO; M10 = F12K + 10% DMSO; E10 = endothelial growth media + 5% DMSO; R10 = RPMI +
10% DMSO (Note all extracellular-like solutions contained 10% serum); Intracellular-Like: CS5 = CryoStor
CS5 (5% DMSO); CS10 = CryoStor CS10 (10% DMSO).
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may add to the stress levels experienced by a cell and result in even greater cell death following
cryopreservation. At the molecular level it is believed that sheer stress and strain experienced by
cells due to volumetric changes and ice formation, coupled with a cell’s anchoring to the extracel-
lular matrix, result in the activation of a stress response pathway leading to apoptosis. Additionally,
it has been hypothesized that due to cell-to-cell connections in tissues, the transmission of cell
stress and death signals can “flow” more freely between cells, thereby leading to increased cell
death through signal amplification. It is believed that these physical and molecular signals/events
work directly in concert with one another, making tissue cryopreservation difficult.

Currently, there are a number of tissues being cryopreserved to meet clinical and research
needs. Systems routinely cryopreserved include liver slices,178,179 heart valves,180 blood ves-
sels,171,181,182 cartilage,50 skin,183 and numerous engineered tissues.172 Despite the “routine” freezing
of these systems, tissue quality is quite poor. The process of tissue cryopreservation differs little
from that of cell cryopreservation except for the extension of the initial 4°C incubation interval.
These approaches typically result in “viable tissue” (maintenance of tissue integrity) used in
applications such as heart valve transplant, vascular replacement therapy, etc., in which the tissue
primarily provides a “living” scaffold that cells from other parts of the body can infiltrate over time.

A number of studies have also reported on molecular events associated with cryopreservation
of tissue. Liu et al.184 reported that cryopreservation had only minor effects on mouse ovarian tissue
including in vitro follicular maturation and gene expression. This study documented that those
follicles survived the preservation process and were able to mature in a normal fashion. They also
showed little effect on gene expression after recovery. Matsushita et al.14 reported on the translation
of molecular studies of hepatocyte cryopreservation on the development of bio-artificial liver assist
devices and reported on the role of apoptosis and the cryopreservation process and overall device
function. Villalba et al.131 and Pascual et al.185 described the effects of cryopreservation in vascular
tissue models (heart valves and arteries, respectively), implicating delayed cell death (apoptosis
and necrosis) as playing a role in tissue destruction following cryopreservation.

More recently, a series of studies that revolve around the development of new, molecular-driven
approaches to the cryopreservation of tissues has emerged.

Snyder et al.171 recently reported on the application of molecular approaches in the cryopreser-
vation of rat aorta. This study showed that cryopreservation of aortic segments utilizing traditional
approaches resulted in a structurally intact nonviable tissue. However, when utilizing an intracel-
lular-like preservation solution, tissue cryopreservation outcome was markedly improved. Specif-
ically, aortic segments preserved in CryoStor CS 5 or CS 10 resulted in a marked increase in viable
cell number along with additional cell growth. The appearance of organized cellular outgrowth was
only observed in the new-generation solutions. The ability to further increase tissue cryopreservation
efficacy using new approaches has also been detailed in a tissue-engineered skin equivalent model.172

This study reported on the benefits of altered solution design in combination with TAC focusing
on either membrane-mediated and mitochondrial-mediated apoptotic events. The data revealed a
marked increase in tissue viability and integrity compared to traditional media + serum + DMSO
approaches.

While the area of molecular-based tissue cryopreservation remains in the early stages, the
studies to date have provided a solid platform for continued experimentation. Coupled with the
abundance of data available on the hypothermic storage of tissues and organs, it is clear that
advances in the cryopreservation of tissues and possibly organs will continue to progress in the
coming years.

3.10 MOLECULAR RESPONSE TO HYPOTHERMIC STORAGE

This chapter has focused primarily on the discipline of cryopreservation with reference to hypo-
thermic storage throughout. Chapter 2 provides an in-depth discussion on the fundamentals
of hypothermic storage, with an emphasis on preservation solution design. Many of the topics
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discussed within that chapter have had direct implications on cryopreservation. As such, many of
the principles of molecular-based cell death discussed within the context of cryopreservation also
apply directly into hypothermic storage. In fact, studies into molecular-based apoptotic and necrotic
cell death in hypothermia are more advanced than in cryopreservation. Studies by Mathew et
al.,186,187 Rauen et al.,188,189 Ohno et al.,190 Rugo et al.,191 Huet et al.,192 and Hansen et al.,193,194 to
name a few, have detailed the activation and effects of stress-induced apoptosis and necrosis
following cell, tissue, and organ hypothermic preservation. These studies have encompassed a
variety of systems, including corneal and renal cells, hepatocytes, keratinocytes, liver tissue, and
vascular cells and tissue. Many of these reports have also described the development of next-
generation hypothermic storage media, leading to improved cell storage in terms of both storage
time and cell and tissue quality. Snyder et al.195 recently described the result of molecular investi-
gations utilizing these new solutions in the preservation of cardiomyocytes. In this study, a triad
of assessment regimes was employed to determine the preservation efficacy of several media
including culture media, ViaSpan®, and HypoThermosol®-FRS. The study reported that through
development of technologies based on the principles discussed by Taylor (Chapter 2), as well as
those of molecular control, cardiomyocyte hypothermic storage could be extended from one day
at 4°C in media or ViaSpan to three days in HypoThermosol-FRS. Not only was cell viability
maintained, but also mitochondrial activity and spontaneous contractile function of the cardiomy-
ocytes was at levels near those of untreated controls. Further, Mathew et al.196 recently detailed the
combination of next-generation preservation solutions with TAC to effect even greater protection
in liver and endothelial cells. Takesu et al.197 described the improved protection of hepatocytes by
the addition of ascorbic acid-2 glucoside to ViaSpan. Numerous other studies have reported on the
benefits of attempts to control stress, and therefore molecular responses, during hypothermic storage
in fibroblasts, hepatocytes, and endothelial and corneal cells. These reports have shown that through
molecular control of a cell’s stress response to low temperature, preservation efficacy can be
increased. However, as with cryopreservation, it has been shown that alterations in the preservation
media formulation have had the most profound and beneficial effect on hypothermic storage efficacy.

3.11 CONCLUSION

From the discussion presented in this chapter it is clear that there has been a significant level of
activity in the preservation sciences over the last several years aimed at molecular-based controls.
With the identification of apoptosis and a cellular, molecular-based response to cryopreservation,
our approaches to cryopreservation have changed significantly. No longer are researchers limited
to preservation processes that primarily provide structural support following thawing. We have to
look no further than stem cell research to see why this is such a critical and monumental milestone
for the cryopreservation sciences. With molecular findings and the resulting technologies, systems
that were thought to be “uncryopreservable” from a practical application prospective—such as
cardiomyocytes, neurons, and neural progenitor cells, engineered cells and tissues, cell therapy
products, etc.—can now be cryopreserved successfully. Even in primary cell systems such as
hepatocytes, successful cryopreservation has become a more attainable and acceptable option for
cell storage due to the advances in the maintenance of cellular function following cryopreservation.
This in itself is valuable, in that cryopreserved hepatocytes can now be more effectively utilized
in basic science and drug discovery applications. With increases in post-thaw hepatocyte (as well
as other cells) function and viability to levels near those of untreated controls, one can now avoid
the necessity of “dual criteria” and “abstract” correlations of data sets as nonspecific evaluative tools.

Without a doubt, molecular-based study has propelled the cryobiological sciences to the fore-
front of scientific discovery. As our understanding continues to grow, advancements will continue
to push the present-day limits of successful preservation. As such, given the current direction of
the cryopreservation science, it appears that the future lies in the combination of next-generation
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solution-specific strategies TAC or GASP (Genetically Activated Survival Programs) to improve
post-thaw survival and failure.
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The application of low temperatures to select anatomical regions is of well-established clinical
benefit when the process is appropriately controlled. Moderate cooling of a tissue followed by
warming over short intervals (minutes) causes reversible effects on the cellular physiological
processes, including perturbation of electrical events, while with deeper and extended cooling, ice
formation occurs resulting in site-specific lethal consequences. The employment of low temperature
for clinical and research use includes, but is not limited to, applications of thermal therapy: (1)
hypothermic storage of cells, tissues, and organs; (2) cryotherapeutic treatment for the selective
ablation of cells and tissues; and (3) cryoangiogenic-based tissue repair. Although these applications
have certain distinctions, the underlying principles of cell and tissue responses to low temperature
provide the foundation or linkage between each of the respective applications. Current expansion
in the field of cryotherapy stems from the growing demand for multidisciplinary studies in which
knowledge from one specialty area may be transformed to benefit other specialty areas. 

The therapeutic uses of cold temperatures had their origin in ancient times and were diverse
in scope, ranging from local applications to general body hypothermia. Local application of cooling
agents were used for the treatment of open wounds and other forms of trauma, hemorrhage, fever,
and a variety of clinical disorders, including infected ulcerating cancers of the breast. Total body
cooling by immersion in ice water was used for intractable fevers, mental derangements, and other
diverse diseases.

 

1

 

 Modern cold therapy has similarities to the practices of antiquity. In current times,
the body temperature is commonly lowered in some types of cardiac surgery, in some difficult
cancer operations, and in the management of stroke in order to reduce the oxygen consumption of
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the brain. Today also, cold applications are used commonly after soft tissue trauma to relieve pain
and help prevent swelling of the injured part. These diverse uses of cold can be considered
cryotherapy, but none uses the freezing of tissue to produce the desired therapeutic result. This
chapter deals with the use of freezing temperatures in therapy.

 

4.1 DEVELOPMENT OF CRYOSURGICAL TECHNIQUES

 

Local tissue freezing was first described in the mid-1850s when Arnott, a physician in England,
used salt solutions containing crushed ice at temperatures in the range of –18 to –24°C to freeze
cancers in accessible sites such as the breast and uterine cervix. He wrote that “congelation arresting
the accompanying inflammation, and destroying the vitality of the cancer cell, is not only calculated
to prolong life for a great period, but may, not improbably, in the early stages of the disease, exert
a curative action.”

 

2

 

 The treatment with the frigid fluid was given with an irrigation device that
Arnott had developed. The device could be used only on accessible tissues and had limited freezing
capability, but the benefits in patients with cancer included relief of pain, reduction in the size of
the tumor, and lessening of bleeding and discharge. The amelioration of pain by this technique
received noteworthy attention by physicians of that era.

Late in the 1800s, the so-called permanent gases (oxygen, nitrogen, hydrogen) were liquefied
and in 1892, Dewar developed the vacuum flask to hold them. As the century ended, liquid air and
solidified carbon dioxide were available for therapeutic use on localized lesions of the skin. In the
next six decades, the treatment by freezing was limited to accessible lesions, such as those in the
skin or uterine cervix. The cryogen in common use was solidified carbon dioxide, applied either
directly or in devices developed for its use. The word cryotherapy was coined midway through
these years in a publication that described the use of solidified carbon dioxide in a new device.

 

3

 

During those years, the use of freezing techniques to treat disease of deep tissue or visceral disease
received little attention. The notable exception was the investigation of Temple Fay, a neurosurgeon
in Philadelphia, who used local and general refrigeration techniques to treat cancers. Fay implanted
metal capsules, connected to an irrigation system using ice water or saline solution, circulated by

 

FIGURE 4.1

 

Illustration of the thermal zones and temporal duration for various clinical applications of cold.
This illustration represents the current utilization and corresponding temporal application interval of low
temperature ranging from brief periods (15–60 sec) for the reversible transient cessation of cellular physio-
logical function (

 

Cryomapping

 

) as well as stimulation of growth (

 

Angiogenesis

 

) to short term (minutes) for
targeted ablation (

 

Cryoablation

 

) to long term (days to years) for storage (

 

Hypothermic and Cryopreservation

 

)
of cells, tissues, and organs (Snyder et al., 2002). 
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gravity, in tumors of the brain. The tissue response to the freezing featured reduction in tumor size
and amelioration of symptoms, just as described by Arnott nearly 90 years earlier.

 

4,5

 

The era of modern cryosurgery was preceded by experiments in the 1940s and 1950s in which
researchers produced focal tissue lesions by freezing to gain information about the pathophysiology
of disease. Hass and Taylor, using an apparatus cooled by the use of pressurized carbon dioxide,
produced discrete necrotic lesions, 2 to 3 cm in diameter, in the brain, the heart, the liver, and the
kidney.

 

6

 

 Other investigators in these years, using diverse types of apparatus, showed that necrotic
lesions could be produced in diverse organs and demonstrated the safety of the freezing procedures.
These early years of the development of cryosurgery are described in greater detail in a 1998 review.

 

7 

 

The modern era of cryosurgery began with the introduction of an automated apparatus cooled
by liquid nitrogen (–196°C) by Cooper and Lee in 1961.

 

8

 

 Originally, the apparatus was intended
for the treatment of brain disease, especially Parkinsonism. However, the apparatus was redesigned
and widely used for many types of neoplasms in the 1970s. Then, after clinical trials defined
appropriate usage, cryosurgery became a well-established method of ablating benign and malignant
lesions, especially those tumors that were a problem in treatment by conventional methods.

 

9

 

 Modern
advances have refined cryosurgical procedures, broadened their applicability, and enhanced their
reliability. Percutaneous application of cryosurgery in the treatment of localized cancer is consid-
erably less invasive than conventional surgery and is free of the side effects associated with
chemotherapy or radiation.

 

10,11

 

 Success in reducing morbidity through percutaneous cryosurgical
procedures has promoted further technical advances in the instrumentation available to employ
cryosurgical methods.

 

12

 

 Technology has enabled the development of precise instrumentation through
which effective cryogens (e.g., liquid nitrogen, nitrous oxide, argon, etc.) can be circulated, pro-
viding the means to deliver extremely low temperatures to tissues located internally as well as near
the body’s surface. In the 1990s, technological advances included newer types of apparatus, using
pressurized argon (–185.7°C) or nitrous oxide (–89.5°C) in devices which cooled probes by the
Joule-Thomson effect, that is, passing the gas through a restrictive orifice into the heat exchange
chamber of the probe, as well as devices that circulated super-cooled LN

 

2

 

 (–210°C). The develop-
ment of intraoperative ultrasound to monitor the freezing procedure, and the availability of mini-
mally invasive operative methods, has permitted wider and new uses of cryosurgical techniques.

 

13

 

During these years, an improved understanding of the mechanism of injury to cells and tissues
has been achieved. Earlier investigations on the tissue injury due to frostbite formed a good
foundation to the understanding of the nature of the injury 

 

in vivo.

 

14,15

 

 Cryobiological investigations
on the preservation of cells by freezing contributed to the knowledge needed to apply freezing to
the destruction of cells.

 

16,17

 

 These investigations provided a good foundation upon which to build
cryosurgical techniques. The variable response of cells and tissues to freezing injury was recognized.
The importance of careful attention to the elements of the freeze-thaw cycle, including tissue
temperature, duration of exposure, and slow thawing, was recognized as critical to the ablation of
tumors. However, in recent applications to non-neoplastic disease, the complex balance between
preservation and destruction was also recognized. This balance is being tested by the expanding
uses of cryosurgery and by the need to improve the results of cryoablative techniques. The new
frontier is the development of techniques to manipulate the response of cells at low freezing
temperatures in a way that would selectively preserve or destroy tissue, influence the process of
healing, and increase the efficacy of therapeutic freezing techniques.

 

4.2 THE TISSUE RESPONSE TO FREEZING INJURY

 

The tissue response to injury by freezing is dependent upon many factors and is determined only
in part by the rate of cooling or lowest temperature produced in the tissue. These physical factors
are important, but other factors, such as the type of tissue and the vascular reaction to freezing
temperatures, are significant factors in determining the fate of tissue frozen 

 

in vivo

 

. With this
complexity of critical elements of injury, variations in the response of cells and tissues occur,
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ranging from inflammatory to destructive. Minor freezing of tissue produces an inflammatory
response, featuring the infiltration of leukocytes and development of edema. For example, the
treatment of retinal detachment requires the use of warm freezing temperatures to produce an
inflammatory response that promotes adhesion of the detached tissue. Deep-freezing techniques
cause destruction of tissue and are used in the treatment of tumors.

The causes of tissue injury from freezing generally have been attributed to two major mecha-
nisms, which are the direct injury to cells due to ice crystal formation and the microcirculatory
failure that occurs in the thawing period. In freezing, the temperature produced in the tissue is of
prime importance in determining the tissue response. A short exposure of tissue to temperatures
in the range of 0 to –10°C will produce a relatively minor injury, featuring inflammatory cell
infiltration, new blood vessel formation, and collagen production. Since tissues can supercool to
perhaps –15°C, little or no ice crystal formation occurs, so cell death is minimal. On the other
hand, colder temperatures produce ice crystal formation, well known to be initially extracellular,
but as the temperature falls, intracellular ice formation occurs, and the cells die in progressively
greater numbers from mechanical forces or biochemical effects.

 

18

 

 Practically certain destruction of
cells occurs at temperatures colder than –40 to –50°C, commonly termed a “lethal temperature”
in cryosurgical practice.

Recent research has shown that apoptosis is a mechanism of cell death after cold injury.
Apoptosis, or gene regulated cell death, has been recognized as a mode of cell death in normal
tissues and in diverse pathologic conditions, including heat injury, cancers, cytotoxic chemotherapy,
and irradiation. Apoptotic cells are characterized by non-random DNA cleavage, blebbing of
membranes, phospholipid inversion in the membranes, and irradiation.

 

19

 

 Several recent investiga-
tions have shown that apoptosis is an important mechanism of cell death in prostate cancer cell
lines when the temperature did not fall sufficiently low to kill all cells immediately.

 

20–24

 

 Sublethal
freezing temperatures have been shown to induce apoptosis in colon cancer cells 

 

in vitro

 

 also.

 

25,26

 

Most investigations of apoptosis caused by freezing have been 

 

in vitro

 

. Investigations 

 

in vivo

 

 are
few in number. However, Steinbach et al.,

 

27

 

 producing cryogenic tissue damage in the cerebral
cortex of mice, described apoptosis cells in the periphery of the previously frozen tissue. Romanee-
hsen et al.,

 

28

 

 freezing and thawing a non-small-cell cancer implanted in nude mice, also described
apoptotic cell death. Since apoptosis occurs in so many circumstances, it is reasonable to expect
apoptosis to occur in cryogenic lesions 

 

in vivo

 

. Indeed, Baust and Gage recently reviewed the area
of the molecular basis of cryosurgery and described the critical role of apoptosis and necrosis in
cryotherapeutic outcome.

 

29

 

When cryobiological research is performed 

 

in vivo

 

, another important mechanism of cell death
comes into play, that is, the effect of freezing on the blood supply to the tissue.

 

30–32

 

 The initial
response to the cooling of tissue is vasoconstriction and a decrease in blood flow. With freezing,
the circulation ceases. Experiments 

 

in vitro

 

, using liver and breast tissue, have shown that ice
crystals form in the blood vessels, and then preferentially propagate through the vascular system
where no cell membranes form a barrier.

 

33,34

 

 When the tissue thaws, the circulation returns, and
the tissue appears to be hyperemic for a brief interval. However, endothelial cell damage leads to
increased permeability of capillaries, edema, platelet aggregation, and thrombosis, so the outcome
is vascular stasis in 30 to 60 minutes. These changes have been shown to occur at temperatures as
warm as –20°C.

 

35–40

 

 The loss of blood supply deprives the cells of any chance for survival. The
injury to tissue from vascular stasis complicates cryosurgical research because this mechanism is
not operative in research 

 

in vitro

 

.

 

4.3 THE CRYOGENIC LESION

 

The type of lesion produced by freezing depends on the severity of the trauma. Minor freezing
injury, as would be produced by rather brief exposure to temperatures warmer than about –10°C,
causes an inflammatory response, featuring hyperemia, edema, and the infiltration of neutrophils,
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monocytes, etc. Deep freezing, as would be produced by tissue temperatures colder than –20 to
–30°C for several minutes, produces a sharply circumscribed necrosis that closely corresponds to
the volume of tissue frozen. Between these two extremes, perhaps especially in the temperature
range of –10 to –20°C, the potential for special therapeutic applications permitting selective
destruction may be found.

The cryogenic lesion associated with deep freezing, as is required in the treatment of tumors,
is a volume of coagulation necrosis. After freezing and thawing, initially the tissue is hyperemic
or congested and edema forms. The extent of injury is not obvious, except on electron microscopic
studies, which show disruption of cellular components and their membrane. In about two days, the
extent of the injury becomes visually evident. The necrotic tissue will be resorbed or will slough,
depending upon its location. For example, skin lesions will slough, but hepatic lesions will be
resorbed. Tissue with a large amount of fibrous stroma resists change in structure, so the process
of sloughing is prolonged, perhaps to several weeks. Major blood vessels, nerves, and cartilage
resist structural change, even though devitalized by freezing. After freezing and thawing, bone is
unchanged in appearance and maintains form and function, even though the devitalized bone is
weakened by the process of slow resorption and replacement.

The central part of the cryogenic lesion, that tissue which was closest to the cryosurgical probe
or heat sink, is practically always totally necrotic. At the periphery of the previously frozen volume
of tissue, which is the region where cooling was very slow, the temperature rather mild (0 to –20°C),
and duration of freezing relatively short, the cells have a chance of survival. In this border area,
some cells live, some cells are dead, some are apoptotic, and some are in the balance between life
and death.

 

24

 

 This border area is commonly quite large in comparison to the volume of tissue that
was frozen to temperatures 40°C and colder. The thermal zones and common modes of damage to
tissue subjected to a cryosurgical event are depicted in Figure 4.2.

 

FIGURE 4.2

 

Isotherm and damage zones in a cryosurgical application. Pictorial representation of isotherms
produced during application of a cryoprobe to a tissue mass (shaded irregular area at center). Isotherms extend
radially from cryoprobe at center of tissue mass. The uniformity of the isotherm is perturbed by the vascular
network, which creates thermal gradients and variability. The isotherms also demonstrate the damage zones,
including F

 

I

 

 (Intra-cellular Freezing); F

 

E

 

 (Extracellular Freezing) and H (Hypothermic Exposure) to targeted
and non-targeted surrounding tissue (J. Baust, personal collection).
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4.4 CELL AND TISSUE RESPONSES TO CRYOSURGERY

 

The manner in which the cryogen wound heals depends upon the severity of injury and the type
of matrix of the tissue. Minor freezing injuries commonly heal without tissue loss. In severe freezing
injuries, the process of healing depends on the type of matrix. Some examples may be cited to
demonstrate how the matrix of different tissues affects healing. In the skin, the resistance of collagen
fibers and fibroblasts to damage from freezing is responsible for the favorable healing.

 

41

 

 Damaged
collagen is absorbed and slowly replaced by new collagen during the days of healing. Hair follicles,
glands of the skin, and melanocytes are sensitive to freezing injury and these elements do not
regenerate after exposure to temperatures in the –10 to –20°C range.

 

42,43

 

 Nerves are also sensitive
to cold injury. Temporary desensitization of the nerve occurs in the 0 to –5°C range, but function
returns when the tissue is warmed. Long-term loss of function is produced at colder temperatures
that range from –15 to –20°C. The axons and Schwann cells of the nerve degenerate, but if the
nerve sheath is not disrupted, function of sensory and motor nerves is likely to return, though this
restoration may take many months. The structurally intact perineurium, though devitalized by
freezing, serves as a conduit for regrowth of axons and eventual restoration of function.

 

44–46

 

 Muscle
cells are sensitive to freezing injury as well.

 

47,48

 

In contrast to the microcirculation, which is thrombosed after freezing, the function of major
blood vessels is preserved following cryotherapeutic treatment. Though the blood vessel wall is
devitalized and the endothelium is lost, the structure of the blood vessel remains intact. Generally,
only slight fragmentation of the collageneous and elastic fibers are seen. The blood pressure
maintains the lumen, so function as a conduit continues. The process of repair features smooth
muscle proliferation, collagen and elastic fiber repair, and endothelial restoration, resulting in some
degree of intimal hyperplasis, narrowing the lumen to some extent.

 

49–52

 

Bone resists structural change after freezing, though the osteocytes are very sensitive to freezing
and are destroyed at about –10°C. Bone, devitalized by freezing, is slowly resorbed and replaced
by new bone, a process that may require months, the time depending upon the volume of bone
frozen. The resorptive process weakens the strength of the bone, so fracture may result from even
normal stress.

 

53–55

 

Cellular tissue, including most organs and mucosa of the oral cavity and in other sites, lacks
the strong collagenous structure of skin and has little fibrous tissue to maintain structure during
healing. Therefore, healing is generally from the wound edges, resulting in some scarring, but not
as much as produced by hot thermal injuries.

 

4.5 CLINICAL IMPLICATIONS

 

Cryotherapy has a wide range of applications, including anesthetic, preservative, and destructive
uses. Relief of pain by the application of cold solutions or compresses is the oldest method of
anesthesia. The manner of use was described in ancient literature, and later by Larrey to aid in the
amputation of limbs of soldiers in Napoleon’s armies. Further interest in cold anesthesia was caused
by Arnott’s description of its impact in diverse conditions in 1850.

 

2

 

 Bird called Arnott “a pioneer
in refrigeration anesthesia” in an interesting report.

 

56

 

 The advent of general anesthesia in the mid-
1850s and subsequently of local anesthetic agents about the same time sharply reduced the need
for refrigeration anesthesia, but today cold agents are in wide use for the local surface treatment
of soft tissue trauma, and apparatus is available for the treatment of pain by the freezing of the
appropriate nerves. This introduces the subject of selective or function-preserving cryotherapy.

 

4.5.1 S

 

ELECTIVE

 

 C

 

RYOTHERAPY

 

The tissue response to a range of temperatures provides the basis for choices in therapy. The warmer
freezing temperatures would be an appropriate choice when selective cell responses are the goal.
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When tissue destruction is the goal, then very cold temperatures are required. 

 

In vitro

 

 experiments
have shown that cells can survive at very low temperatures. A wealth of information is available
on this subject. For example, several reports may be cited. Zacarian

 

18

 

 long ago showed that cancer
cells in suspension could survive in small numbers after exposure to temperatures colder than
–60°C. More recently, Bischof et al.,

 

20

 

 using rat prostate tumor slices, found that some cells could
survive after freezing to a temperature of –40°C at a rate greater than –10°C/minute. Hollister et
al.

 

21

 

 also described occasional cell survival, as measured by ability to grow in culture, of cells
frozen to –60°C or colder. Further, Clarke et al.,

 

57,58

 

 Baust et al.,

 

29,59,60

 

 and Znati et al.

 

61

 

 have
demonstrated that in select 

 

in vitro

 

 models, cancer cells can survive exposure to temperatures
approaching –100°C. The same results are not likely to be seen in work 

 

in vivo

 

, but the resistance
of cells to freezing injury in these experiments is impressive.

Selective destruction of cells by freezing temperatures has considerable therapeutic potential,
which is based on the differences in the sensitivities of different cell types to cold.

 

62

 

 These variations
are best identified in single short freezing cycles because longer duration or repeated cycles destroy
most cells. Experiments 

 

in vivo

 

 show that the temperatures at which differences in cell susceptibility
are evident are in the 0 to –30°C range. Therefore, in freezing therapy, the possibilities of selective
preservation of some cells, while destroying other cells, can be explored. Furthermore, selective
functional compromise with later return of function has applications in cryotherapy. Related to this
thought is the possibility that a nondestructive response may induce changes in the healing process.
These uses of cryotherapy commonly require modest freezing temperatures, that is, in the 0 to
–30°C range.

The potential applicability of selective destruction/preservation has not yet been fully investi-
gated. One example may be cited. Exploiting the cryosensitivity of melanocytes, freezing is
commonly used in the treatment of lentigines, which are pigmented lesions of the skin, usually
benign, sometimes malignant.

 

63

 

 The healing of the wound is favorable because the keratinocytes,
fibroblasts, and collagen matrix are not seriously injured at tissue temperatures warmer than
–30°C.

 

63,64

 

4.5.2 C

 

RYOMAPPING

 

An example of the use of freezing to produce functional compromise is found in the use of cold
temperatures to inhibit the function of nerves. As early as the 1960s, Cooper used temperatures
slightly cooler than 0°C to temporarily desensitize nervous tissue in the brain in an effort to
determine that the cryosurgical probe was located at the appropriate site. Then, once the probe was
in the correct site, the probe was further cooled to produce the intended therapeutic effect.

 

65

 

 The
same principle is commonly used today in the surgical treatment of disease of the conduction
system of the heart. Commonly termed “cryomapping,” the procedure requires that a flexible
steerable catheter probe be placed in the heart in a position at the suspected problem in impulse
conduction or irritable focus of excitation. Then the probe is cooled to produce tissue temperatures
in the 0 to –5°C range, which is sufficient to temporarily interrupt nerve function. If this site is not
the problem, the probe is warmed. However, if the site is the problem, the faulty conduction/exci-
tation returns on thawing, confirming that the diseased site has been identified. The treatment
requires that the probe be cooled to –70 to –80°C for the time needed to ablate the tissue, generally
about two or three minutes.

 

66,67

 

 The temperature at the site of the abnormal conductive tissue is in
the range of –20 to –30°C. 

While these studies have reported on the successful clinical application of this therapy, an
understanding of the mechanisms of action, responses to low-temperature therapeutic intervention
at the cellular level, as well as the window of therapeutically relevant temperatures in cardiovascular
systems remains unclear. Recently, a study by Snyder et al.

 

68

 

 investigated the cellular and molecular
responses of cardiac systems to thermal excursions utilizing an 

 

in vitro

 

 neonatal cardiomyocyte
model. The purpose of this study was to identify and define thermal zones of physiological
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reversibility (cryomapping) and cellular destruction (cryoablation) in cardiac cell types in an attempt
to further expand the knowledge base on cellular responses to cryotherapy in order to help guide
clinical technique and device development. This study demonstrated that the application of cryo-
therapy in cardiac systems provided an effective and more controllable alternative to heat-based
therapies such as radiofrequency, as shown in Figure 4.3. Additionally, the study served as a useful
procedural guide for the application of low temperature as well as suggesting a mode of treatment
in sensitive areas of the heart, where tolerance to mapping and ablative power are equally important,
such as near the atrioventricular node, sino-atrial node, and pulmonary veins.

 

4.5.3 C

 

RYOANGIOGENESIS

 

Attempts to alter the healing process, eliciting specific responses in terms of angiogenesis or
myogenesis, are at the forefront of current research, especially in relation to the heart. All tissues
require vasculature access for nutrients, oxygen, and waste removal. Vasculogenesis during embry-
onic development provides the basic vasculature structure, which is expanded by the process of
angiogenesis. Endothelial cells proliferate and migrate to form microtubules, followed by the
modification of the extracellular matrix and finally the formation of patent vessels.

 

69

 

 Adult angio-
genesis begins with angiogenic sprouting initiated by vasodilatation, followed by the destabilization
of the existing vessel to allow for the migration of the proliferation cells and the eventual matura-
tion.

 

70,71

 

 However, angiogenesis is typically associated with embryonic and neonatal vascular
development. In adults, angiogenesis is typically associated with vascular and tissue repair, as well
as in the formation of nutrient supplies for cancerous tumors.

 

72

 

 Stimulation of angiogenesis by
exposure to nitric oxide or hypoxia has been shown 

 

in vitro

 

 and 

 

in vivo.

 

73–75

 

Cryogenic injury in tissues causes an angiogenic response as part of the reparative process.
New blood vessels enter the necrotic tissue at its border with viable tissue, and repair progresses
as the vasculature is reestablished in the lesion. Recently an effort has been made to provide a new

 

FIGURE 4.3

 

Relative survival and function of cellular systems in response to brief low-temperature exposure.
The data illustrate that the application of cold can be utilized successfully for the ablation or preservation of
cells but also as a tool for reversibly or irreversibly altering cellular physiology. The data illustrate the
application of cold to cardiac cells can be ultilized to a point to stop cellular contraction followed by return
of spontaneous contraction upon rewarming. Interestingly, the data show that there is a finite temperature
range (between –1°C and –2°C) upon which there is minimal effect on cellular viability, yet there is a complete
loss of physiological contractile function (Synder, K.K. et al., 2002).
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blood supply to the ischemic myocardium by using a thin cryoprobe to penetrate the ischemic area
many times, hoping that the freezing injury will induce angiogenesis and create new channels for
perfusion of blood. A measure of doubt regarding the potential of these experiments is reasonable,
especially since laser-created channels do not remain patent.

 

76

 

 However, the use of thermal therapies
to enhance angiogenesis in myocardial systems has shown positive results, including vascular
growth and induction of angiogenesis molecular signaling molecules, such as vascular endothelial
growth factor (VEGF).

 

77,78

 

 One recently identified potential area of application of the angiogenic
process is the use of mild cryotherapy to induce angiogenesis in ischemic tissue. This approach is
designed to take advantage of the myriad cellular and molecular responses to low-temperature
insult to stimulate cellular proliferative activity and revascularization. This is a new area of ongoing
research and initial success has recently been reported in an 

 

ex vivo

 

 model by Snyder et al

 

.

 

79

 

 In
this study, the effect of low temperature on the activation of the angiogenic process in an aortic
ring model was investigated. Analysis of cellular outgrowth (smooth, muscle) revealed that there
was in fact an activation of the angiogenic process by low-temperature exposure. The data dem-
onstrated that this response could be modulated by both the thermal and temporal components of
tissue exposure. Short intervals of 30 seconds required subzero temperature exposure to elicit
response. The greatest response of 30 seconds of exposure was observed in the –5.5°C condition.
This exposure resulted in a high degree of cell outgrowth and microvascular formation. Extension
of the exposure interval to 60 seconds resulted in a change in the response of the Rat Aortic Ring
Segment (RAR). Following 60 seconds of –6.6°C thermal exposure, RAR illustrated a significant
reduction in the level of outgrowth compared to controls. In the 60-second conditions, samples
exposed at 5°C yielded the greatest degree of outgrowth and organization. In addition, the response
of the –2.5°C exposed samples remained relatively unchanged between the 30-second and 60-
second exposure intervals. While this area of investigation remains in the early stages, nonetheless
it is providing new avenues for the interventional therapeutic initiation of neovasculariztion in target
tissues.

 

4.5.4 C

 

RYOANGIOPLASTY

 

With regard to myogenesis, interest was stimulated by the incidence of restenosis after coronary
angioplasty, which is about 30% over a year or two. Balloon dilation of the stenosed artery is
associated with disruption of the endothelium and underlying tissue, and this injury is followed by
a reparative response featuring inflammatory cell infiltration and proliferation of smooth muscle
cells. This response produces initial hyperplasia, narrowing the lumen, and perhaps causing rest-
enosis.

 

80

 

 Also, angioplasty-induced damage along with increased vessel permeability triggers a
thrombogenic response that in turn serves as a strong mitogenic and proliferative signal for medial
smooth muscle cells. This signaling elicits intense smooth muscle cell proliferation into the vessel
lumen, consequently constricting the vessel lumen and greatly hindering blood flow.

 

76

 

 Furthermore,
it has been shown that altered fluid mechanical shear stresses in the sclerosed vessel segment can
have a drastic influence over both vascular endothelial and smooth muscle cell structure and
function.

 

81

 

 In view of these details, it is important to encourage a rapid recovery of the vascular
endothelium while re-closure due to the overgrowth of medial smooth muscle cells into the lumen
is discouraged. Accordingly, an optimized cryotherapeutic option may rely on the application of
“preservative” temperatures for endothelial cells and ablative temperatures for smooth muscle cells.

Efforts to improve the efficacy of vascular therapy have focused to a great extent on the
stimulants and inhibitors of smooth muscle cells migration, proliferation, and phenotype. Today,
commonly used lipid-lowering drugs, such as simvastatin and gemfibrozil, have also been shown
to increase levels of TGF-1 (a suppressor of inflammatory processes and proliferation of smooth
muscle cells) and inhibit the release of platelet-derived growth factor-B (PDGF-B — a powerful
promoter of smooth muscle cells migration and division) in the neointimal.

 

82

 

 Using 

 

in vitro

 

 and 

 

ex
vivo

 

 models alike, investigators have demonstrated the potential therapeutic value in blocking
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myointimal hyperplasia following medical intervention (angioplasty or vascular graft) by blocking
either the PDGF growth factor or smooth muscle cells PDGF receptors themselves.

 

81–84

 

 Some of
the latest efforts to curtail smooth muscle cells hyperplasia post-intervention have entailed the
placement of drug-eluting stents.

 

85–87

 

 However, the presence of a stent has been known to further
complicate the matter by adding inflammatory effects due to an immunological response to the
foreign mesh. Accordingly, freezing temperatures are being used experimentally in an effort to
control smooth muscle proliferation.

Cryogenic injury to major blood vessels, including the coronary arteries, causes some intimal
hyperplasia, though this reaction tends to regress over several months. The experimentation to
control the smooth muscle proliferation, which follows angioplasty, features the use of a catheter
cryoprobe into the injured vessel, then freezing the stenotic area to a preselected temperature. If
benefit is to be achieved, the tissue temperature will have to be in the –10 to –15°C range.
Experimental work by Hollister et al.

 

80

 

 supports this temperature range as an appropriate goal in
therapy, as shown in Figure 4.4. Their work subjected cultured human coronary artery endothelial
(CAEC) and smooth muscle cells to a range of hypothermic and freezing temperatures. They showed
that smooth muscle cells (CASMC) were more sensitive to cold injury than endothelial cells in the
range of 0 to –15°C. The endothelial cells had a better proliferative capacity than the smooth muscle
cells. The work suggests that it might be possible to apply a cooling temperature that would preserve
the endothelial cells and inhibit smooth muscle proliferation. The lasting susceptibility of smooth
muscle cells to the measures applied in this study suggests the potential for endovascular application
of cold to act as a “virtual stent,” allowing the endothelium to recover, thereby minimizing neointima
formation. However, Cheema et al.,

 

88

 

 in 

 

in vivo

 

 experiments using rabbits, comparing intravascular
cryotherapy after iliac artery balloon angioplasty with balloon angioplasty alone, found no evidence
of benefit from cryotherapy. In this study, the average arterial wall temperature was –26°C, which
is too cold to permit benefit in terms of a selective cell response. At present, the temperature, which

 

FIGURE 4.4

 

Relative survival and recovery of coronary artery endothelial and smooth cells following tran-
sient exposure (1 min) to various low temperatures. The data demonstrate a clear differential in cell type
sensitivity to exposure to the sub-freezing temperatures of –10°C. This differential sensitivity of cell types to
low temperatures is proving critical in the development of new approaches and applications for the therapeutic
utilization of cold. Figure reproduced with permission from Hollister et al., 
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1(4); 2003.
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will provide a selective response in muscle and endothelial cells 

 

in vivo

 

, is not known. Future
experiments should include, as adjuncts to freezing, the use of pharmaceutical agents or other
methods to inhibit smooth muscle proliferation and promote endothelial growth.

 

89

 

The reason(s) for the marked differential in sensitivity exhibited by smooth muscle versus
endothelial cells remain(s) unclear, but may not be entirely unexpected. Variable success in the
application of freezing has been reported dependent on the tissue type being treated. The differences
among tissue types have historically been attributed to changing thermal conductivity with varying
degrees of blood perfusion or inherent water content differences in tissue.

 

90,91

 

 More recently, our
experiences applying various cold exposure regimes 

 

in vitro

 

 have yielded varying degrees of cell
type-specific sensitivity to cold. These studies have ranged in scope from hypothermic storage

 

92

 

 to
cryopreservation,93–95 to cryoablative methods96–98 and have explored inherent cellular/molecular
responses to low-temperature exposure without the contribution of extraneous systemic factors, such
as thermoconductivity and perfusion-related issues.

An alternate explanation for differential sensitivity may lie in the varying threshold for the
activation of programmed cell death or apoptosis. Not only does apoptosis play a significant role
in the progression of atherosclerosis,99–104 but it also appears to be involved following anoxia-
reoxygenation of allografts,105 as well as freeze response of cells during and following cold exposure.
Increases in the apoptotic protein Fas in rat aortic transplants have been identified in the developing
lesions of allograft vasculopathy.106 Anoxia-reoxygenation of human CAEC has also been shown
to decrease levels of calcium-dependent nitric oxide synthase (cNOS) and anti-apoptotic Bcl-2
while increasing the Fas receptor.107 As mentioned previously, apoptosis has also been linked to
freezing. A post-freeze apoptotic contribution to cell death has been identified in human prostate
cancer cells96–98 and colon carcinoma cells.25 Further, studies from our laboratory into the mode(s)
of cell death by which CAEC and CASMC are succumbing to cold exposure have revealed elevated
caspase activity in both cell types, suggesting a possible apoptotic contribution in this system as
well. Recent studies by our group have demonstrated an apoptotic contribution to cell death in both
CAEC and CASMC following a transient mild freeze exposure. The sustained apoptotic DNA
laddering and procaspase-9 cleavage suggest a greater role of programmed cell death in the cold-
sensitive CASMC (Hollister et al., unpublished data). Taken as a whole, these data begin to provide
a molecular basis for the endovascular application of cryotherapy for the post-operative alleviation
of restenosis.

4.6 CRYOSURGICAL TECHNOLOGIES AND APPROACHES

Cryosurgical techniques directed at tissue destruction, as is required in the treatment of tumors,
requires the use of apparatus and a cryogenic agent to produce tissue temperatures colder than
–40°C. Citing their normal boiling points at atmospheric pressure, liquid nitrogen (–195.8°C), argon
(–185°C), and nitrous oxide (–89.5°C) are the cryogens in common use today. Liquid nitrogen
cools by a change in phase, that is, liquid to gas. Argon and nitrous oxide are used in pressurized
cylinders and cool by the Joule-Thomson effect. Liquid nitrogen is the coldest agent in use, but
the need for insulation of the feed conduit limits the ability to construct probes smaller than 2–3
mm in diameter. Pressurized nitrous oxide or argon, used in Joule-Thomson-type apparatus, will
not produce as low a temperature as liquid nitrogen; therefore, in use of tumor therapy, a greater
number of probes are required in comparison to liquid nitrogen. The Joule-Thomson apparatus
does not require insulation of the cryogen feed conduit, so probes as small as flexible catheters for
intravascular insertion and use in the treatment of cardiac tachyarrythmias can be constructed.

Cryogens are applied to the treatment area by direct application (spray or pouring) and by use
in closed systems (a cryosurgical probe). The spray technique, almost always with liquid nitrogen,
is commonly used in dermatological practice for the treatment of skin lesions. Liquid nitrogen also
can be poured onto the tissue, typically into the cavity formed by curettement of a bone tumor.
Liquid nitrogen, argon, and nitrous oxide are used in probe systems with heat exchange surfaces
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for application to the diseased tissue. The capacity of the probes to freeze depends upon the choice
of the cryogen, the temperature of the probe, the area of contact with the cold probe, and the heat
brought to the area by the blood supply of the tissue. The wide choice of cryogens and apparatus
provides the opportunity to select a technique suited for the disease.

Cryoablative techniques must be done in a manner that will destroy an appropriate volume of
tissue, a goal that is of special importance in the treatment of cancers. In general, cryosurgical
treatment of tumors is quite successful and has the advantage of commonly being a minimally
invasive technique. Good results have been achieved in the cryosurgical treatment of diverse tumors,
including those of the skin, liver, kidney, prostate, bone, bronchus, and other sites.9,10,108 The
technique offers the possibility of curative or palliative benefit in some difficult problems in the
management of cancer. On the other hand, the goal of a cure of cancer is not always achieved.
Persistent disease in the cryo-treated sites, for example, is commonly about 20–30% for liver tumors
and about 10% for prostatic cancer.10,108 Persistent disease is a sign of failure to properly judge the
extent of the disease or a failure in the technique of freezing. In this article, only the latter can be
considered. Fortunately, progress toward optimization of cryosurgery is continually being made.110

Cryotherapy of tumors requires that a cryosurgical probe be applied to the tumor, generally by
insertion into the tissue. The probe is used as cold as attainable in order to freeze the tissue as
rapidly as possible, and so-called lethal temperature is produced in the tissue. The tissue is allowed
to thaw spontaneously, and then the cycle is repeated. The tissues close to the probe freeze rather
rapidly and attain the coldest temperature, but the isotherms extend radially, so even a short distance
(1 cm) from the probe, the freezing rate is considerably slower and the tissue temperature is warmer.
Whatever the volume of the frozen tissue, the border is about 0°C. The –40°C isotherm, which is
a commonly accepted therapeutic goal, is only a small percentage (about 30%) of the frozen volume.
Repetition of the freeze-thaw cycle brings the lethal isotherms close to –20°C, but this still leaves
a periphery where the cells were exposed to temperatures between 0° and –20°C. The cells in this
region may be viable. To produce a tissue temperature of –40°C at a safe distance outside the limits
of a cancer requires a very aggressive freezing technique, which is not easy to achieve and not too
practical in some sites, such as the prostate gland. The proximity of the rectum and the complication
of rectal fistula limits aggressive freezing in this site. For these reasons, cryosurgery needs adjunctive
therapy to increase the lethal effect in the periphery of the cryogenic lesion.

4.7 ADJUNCTIVE CRYOTHERAPY

Adjunctive therapy may consist of cytotoxic drugs, irradiation, antifreeze proteins, apoptotic pro-
moters, or other agents. The most commonly used adjunctive therapy is a cancer chemotherapeutic
agent, and the use of the drug after cryosurgery has been thought to improve survival of
patients.109–111 However, a measure of caution in the use of the drug is needed. The coagulopathy
or complications due to the considerable cytokine release, which follows large-volume freezing,
especially of the liver, may be unfavorably affected by the administration of the cytotoxic drug.112,113

Nevertheless, advantage from the use of adjunctive chemotherapy is likely. Cooper et al., in
animal experiments, concluded that the administration of cyclophosphamide potentiated cell-medi-
ated immunity.113 Clarke et al.,23,24 freezing prostate cancer cells in vitro, demonstrated that a
combination of freezing and 5-fluouracil was associated with a greater reduction in cell survival
than either freezing or the drug alone. Mir and Rubinsky,109 freezing melanoma cells in vitro, and
exposing them to bleomycin, reported that the cold injury made the cells permeable to the drug,
which is of therapeutic interest because bleomycin does not normally enter the cells.

The optimal dose and time of delivery of cancer chemotherapeutic agents is not established.
The thought that the drugs can be concentrated in the tumor area, as first suggested by Benson,114

is an interesting and perhaps practical approach. The rationale is based on the failure of the
microcirculation shortly after the tissue thaws. Drugs given systemically during the thawing period
would become locked into the tumor area, unable to gain access to the general circulation, as
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vascular stasis develops. Homasson et al.,115 using bleomycin, has shown that this drug sequestration
occurs in bronchial cancers. The same principle would apply to drugs injected into the thawed
tissue. Such drugs do not gain access to the general circulation.

With other adjunctive agents, there is little or no demonstration of efficacy in clinical trials.
Cooled cells have shown increased radio sensitivity.115,116 Though the role of irradiation as an
adjunct to cryosurgery is not clear, the use of this agent should have a deleterious effect on cells
in marginal survival status and should promote apoptosis. Experiments with antifreeze proteins
have shown that exposure to these agents before freezing enhances the destructive effects of cold
injury.117,118 During freezing, intracellular ice crystals develop at high subzero temperatures and
cause damage, most likely mechanical in nature. Experiments in vivo, injecting antifreeze proteins
into the tumor before freezing, show enhanced destruction from the use of the adjunctive
agents.117,118 Considerable work needs to be done on the use of adjunctive agents, defining their
role and efficacy, because all such agents are capable of causing cell destruction when used alone.

Another type of putative adjunctive therapy is defined in the concept of cryoimmunology, that
is, the possibility that freezing tissue in situ will elicit a beneficial immunological response, as first
suggested by Shulman et al.119 in the mid-1960s. In the following years, many studies have been
directed at the nature of the immunological response, which certainly is complex. As cytokines are
released in massive amounts, the reaction may lead to failure of organ systems, called “cryoshock”
by some investigators. On the other hand, benefit in tumors in experimental animals have been
shown by some investigators and denied by others and enhanced metastases due to immunologic
response have been described.120–124 So the question of benefits due to an immunological response
remains unsettled. Nevertheless, immunological-enhancing drugs have been considered helpful in
advanced cancers,125 so it is evident that the last word on the subject has not been written.

4.8 SUMMARY

Throughout history, advancements in the field of cryosurgery have closely followed technological
innovations in the handling and delivery of effective cryogens. These strides have enabled the cryo-
treatment of almost every known tissue type in the human body.10 Unique qualities (e.g., minimally
invasive, allows nerve regeneration, allows treatment of irregular tissues difficult to resect, etc.)
have made cryosurgery an attractive alternative for surgeons. Considerable progress in some aspects
of cryotherapy was made in the 1990s. Certainly little change has occurred in the uses of cold to
ameliorate pain and swelling in traumatic injuries, but cryotherapy using freezing techniques has
provided benefits in diverse diseases. Cryosurgical apparatus and imaging techniques have evolved
to the state in which selective preservation and destruction techniques are practical. Research will
further development in these new directions. Though researchers have established the impact of
the sheer physical damage of ice-rupture, questions still remain regarding the molecular mechanisms
of cell death due to the gamut of hypothermic changes that occur during cold exposure. The
elucidation of cell type-specific sensitivity and death mechanisms in association with cold exposure
will allow surgeons to optimize cryosurgical procedures. In the treatment of tumors, adjunctive
therapy by diverse agents promises to increase the efficacy of cryoablative techniques. In these
many uses of cryotherapy, a better understanding of freezing injury, including the recognition of
apoptosis, will facilitate treatment along molecular-based cellular mechanisms. The research needed
to improve cryotherapeutic techniques and applications is in progress.
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5.1 INTRODUCTION

 

The replacement of tissues or organs lost through damage or disease has provided significant clinical
challenges over many years. Restoration of normal function of the tissue or organ is the ultimate
goal of tissue engineering and regenerative medicine. The application of tissue engineering is not
only directed at finding suitable replacement materials to restore tissue loss and function, but more
recently has expanded to include application to “biomanufacturing” processes. The combination
of the appropriate cells, with the appropriate biomaterial to produce the appropriate protein, enzyme,
or cell progeny for example, is only the beginning of future possibilities in biomanufacturing.

Biomaterial is defined as “material that is compatible with living tissue — material that can
be safely implanted into the human body and left there without causing an adverse reaction”
(

 

Encarta Dictionary

 

, UK). This definition can be extended to include material that is compatible
with living cells, 

 

ex vivo

 

.
There are several categories of biomaterials including those derived from living tissue (human

and animal) either with (e.g., whole organs, skin, bone, tendon grafts) or without (e.g., acellular
dermal matrix, demineralized bone, collagen extracts) cellular components present, recombinant
sources (e.g., bacterial-derived, mammalian cell-derived), or synthesized sources (e.g., polylactic
acid and its derivatives, alloys, ceramics). Whatever the source, for successful therapeutic or
manufacturing application, the material must be biocompatible. Biocompatibility is broadly defined
as “the ability of a material to perform with an appropriate response in a specific application.”

 

1

 

However, consequences of such things as source, preparation or processing, preservation or stabi-
lization, storage, handling, combination of materials, degradation, integration, and remodeling can
all affect the biocompatibility of the material, which is therefore not just dependent on the properties
of the material itself.

 

2

 

 All of these facets of biomaterial development must be addressed for
successful therapeutic or biomanufacturing outcomes. The very nature of a biocompatible substance
requires interaction with its surroundings, whether it be implanted, grafted or used 

 

ex vivo

 

 (e.g.,
manufacturing) to elicit an appropriate response. Fundamental interactions between surfaces, cells,
and tissues are described by Dee, Puleo, and Bizios,

 

3

 

 and basic biological responses to biomaterials
are outlined by Anderson

 

4

 

 and will not be detailed here.
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5.2 HISTORICAL

 

Tissue transplantation has been performed for hundreds of years.

 

5,6,7

 

 There were few early successes
as a consequence of the lack of understanding of immunobiology, compared to the present where
it has become routine with the selection of materials to be used ever expanding and not only the
number of surgical applications growing, but application of the matrices or materials to a variety
of therapeutic and manufacturing needs.

In this chapter, we attempt to illustrate some of the different biomaterial strategies used to
create both biologically derived and synthetic therapeutic products. In the field of tissue engineering,
a biocompatible, off-the-shelf, efficacious biomaterial is the goal, which all tissue engineering
strategies strive to achieve. The application of tissue engineering to manufacturing of cells and cell
by-products requires cellular biocompatibility, but the complication of an 

 

in vivo

 

 immune response
is eliminated.

Historically, the most efficacious biomaterials are autografts. Biocompatibility is not of concern,
as the transfer of tissue from one part of the body to another is recognized as “self” and not foreign.
These can be considered as vital tissues (living) that contain an active cellular component. The
problems that exist are limitations of autograft supply. For example, in full-thickness skin for burns,
if a major proportion of the body is burned, in both pediatric and elderly patients, where donor
sites are limited, procuring tissue with a viable blood supply, or in repeated coronary bypass surgery
where all available vessels have been utilized. The donor site itself is a second surgery with removal
of the tissue for subsequent placement. This removal also results in trauma, increased morbidity,
and scarring depending on the amount or depth of tissue removed. Allograft organ transplantation
is routine these days with the advent of effective immunosuppressive therapy. These vital or “living”
tissues require rapid transference to recipients, and preservation techniques such as simple refrig-
eration for short-term storage and transport. Longer-term storage would allow a delay in transferring
to a recipient, which would result in an accumulation of organs to meet demand. However, the use
of vital tissues, such as organs, for allogeneic transplant requires life-long immune suppression
therapies to prevent rejection of the organ. There is also increased risk of disease transmission
when cells are present. Organs including heart, lung, and kidney are typically used, when they are
available, as life-saving treatments for patients. Complications include lifetime immunosuppressive
therapy, rejection and disease transmission such as bacterial contamination, viruses, and malignan-
cies.

 

8,9,10

 

 Early bone transplants also showed evidence of residual tumor.

 

11

 

 However, availability of
donated organs is limited and emergence of diseases with late onset [e.g., Creutzfeldt-Jacob disease
(CJD) and new variant (nv) CJD or “mad-cow” disease] or lack of available testing procedures for
viruses (e.g., West Nile virus) increases the risk of disease transmission to recipient patients.

Replacement of various body parts (nose, ears, eyelids, etc.) has been described as early as
during ancient times and could arguably be the first foray into tissue engineering (outlined by Miller
and Evans).

 

12

 

 Viable allograft tissue transplants have and are still used without immunosuppression
(bone, cornea, and skin). These tissues can be stored longer through cryopreservation and hence
have more general supply, but have similar risks to organ transplant and, in addition, may result
in alloimmunization against subsequent grafts.

There are several types of potential biomaterials that can be divided into two major categories:
biological and synthetic. Combining biological and synthetic materials along with other additives
such as growth factors, genes, and cells leads to a plethora of possible devices for clinical use and
for biomanufacturing purposes.

 

5.3 BIOLOGICAL APPROACH

 

Several biologically derived materials have been used clinically. These include viable tissues,
decellularized materials, and extracted proteins that have subsequently been synthetically derived
or combined with specific growth factors.
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Many aspects of effective tissue repair, replacement, or regeneration need to be considered
when developing alternative materials. These include whether the material will be rejected, whether
it will affect the surrounding tissue (biocompatible), the mechanical strength and durability, the
long-term viability including revascularization, incorporation of the material (as part of the natural
architecture of the site or conversely, encapsulated by the body keeping it away from surrounding
tissue), and finally, remodeling of the material preferably into the same tissue as the implant site.

Biological approaches to tissue replacement have always attracted significant interest. This has
been seen in the widespread use of donated tissue transplants including cornea, bone, heart valves,
blood vessels, ligaments, tendons and cartilage for tissue replacement, and skin as a temporary
dressing in the treatment of full-thickness burns. Again while having advantages such as heart
valves not requiring anticoagulation, there are limitations based on the potential for disease trans-
mission and alloimmunization. Alloimmunization results from cells within the tissue transplant
potentially sensitizing the recipients to future transplants.

 

13,14

 

Nonvital or acellular matrices such as demineralized bone and acellular soft tissue grafts, such
as dermis, have been developed to overcome the problems of cell sensitization and to a degree,
disease transmission while maintaining the advantages of biological materials able to interface and
become involved in the body’s regeneration response. The effectiveness of these grafts has led to
the development of machined or engineered bone grafts such as ramps, spacers, and dowels for a
variety of orthopedic procedures (such as cervical, thoracolumbar, and lumbar spine interbody,
fusions and pinning grafts). In addition, mineralized bone (powder and cancellous chips) and
demineralized bone (cortical bone particles and fibers) have been combined with a variety of binding
agents such as glycerol (Grafton®, Osteotech, Inc.), gelatin (porcine-derived) (Optefil™ and Opte-
form™, Regeneration Technologies, Inc.), calcium sulphate and carboxymethylcellulose (AlloMa-
trix®, Wright Medical Technology, Inc.) to produce a variety of pastes, putties, gels, and flexible
sheets to markedly increase the variety of grafts available for surgical use. The addition of carriers
assists in the ease of handling for the surgeon and expands the use of the donor-derived material
so that many patients are able to benefit from its use. These products demonstrate that a variety of
synthetics and biological (gelatin and bone) materials can be combined, producing clinically useful
biomaterials.

The inherent growth factors (mainly bone morphogenic protein, BMP) within the demineralized
bone matrix provide the biological signaling required to direct bone formation. More recently, the
growth factor itself (BMP-2) was approved for specific indications in combination with two different
carriers; namely, a bovine-derived collagen sponge, to be used in combination with titanium spinal
fusion cages (FDA approved) and for general orthopedic use, with a calcium phosphate carrier.
Calcium phosphate is the major mineral component of bone and is relatively inexpensive and
bioinert and functions primarily as a delivery vehicle for the growth factor.

An acellular dermal matrix derived from human skin (AlloDerm®, LifeCell Corp.) was devel-
oped that has retained the biological and physical properties of the matrix.

 

15

 

 Allograft skin has
been used for decades as an effective, temporary dressing for full-thickness skin injury. Due to the
presence of cellular histocompatiblity complex antigens, the host ultimately rejects allogeneic skin.
The extracellular matrix of the dermis is a complex three-dimensional array of information. This
information is in the form of proteins such as multiple types of collagen, each with different
molecular motifs. There are also numerous proteoglycans that form an interface between collagens
and cells and provide a reservoir for growth factors, cytokines, and morphogens. This biochemical
information helps direct the repopulating cells to regenerate normal tissue and restore function.
Several attempts have been made to produce extracellular matrix biosynthetically; however, in the
absence of a complete knowledge of matrix design and without a complete and available array of
all the proteins and growth factors, such attempts to date have met with limited success. Other
methods have also been used to process allogeneic skin to deliver components of the dermal
extracellular matrix. In one such approach, the dermal component was derived from human skin
by soaking the skin in a buffered saline solution for weeks until the epidermis spontaneously
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released and the cells of the dermis had necrosed.

 

16

 

 In another approach human skin was repeatedly
frozen and thawed to produce a devitalized human dermis for keratinocyte seeding.

 

17

 

 While showing
promising 

 

in vitro

 

 results, no reports of effective clinical application have been published using
these methods.

The core AlloDerm acellular matrix technology was a new method of freeze-drying cells and
tissues without the damaging effects of ice crystals. This involved the creation and drying of the
amorphous or glass phase of ice. This technology was subsequently expanded to enable the
prolonged dry preservation of any tissue type. To this preservation technology was added tissue
processing or tissue engineering technology in the form of cell removal (decellularization) and
preservation of the remaining extracellular matrix. The result of the application of these patented
technologies is to produce a structurally and biochemically intact acellular, extracellular matrix.
As all cells are removed, the matrix does not elicit a specific immune response and as the matrix
is preserved and not altered or damaged during processing, little if any nonspecific inflammatory
response is stimulated following transplantation. Rather, because the biochemistry of the matrix is
preserved, it contains the necessary information to stimulate host cell migration into the matrix
resulting in revascularization and repopulation of the matrix, thereby creating a viable tissue that
becomes an integrated part of the host.

Clinical use of the acellular dermal matrix technology started in 1993 in the US, first as a skin
graft in the treatment of full-thickness burns

 

18,19

 

 and subsequently expanded to a wide range of
applications. The clinical applications now extend to the following areas:

• Burns: predominantly in the pediatric and geriatric age groups and in extensive burns
for grafting of major joints and hand reconstruction

 

18,19,2021,22

 

• Other skin conditions such as Epidermolysis Bullosa (EB) where skin defects lead to
extensive scarring and contracture

 

23

 

• Head and neck reconstruction as a soft tissue implant

 

24,25,26,27

 

• Reconstructive surgery, for scar revisions, correction of soft tissue deficits due to trauma,
cancer surgery or congenital abnormalities, or wasting with disease

 

28,2930

 

• Interpositional graft and a facial sling (static reanimation for facial paralysis, for example,
in patients with strokes)

 

31

 

• Periodontal surgery to increase the amount of attached gingiva (reduced as a result of
gum disease)

 

32,33,34

 

• Urology as a bladder sling for urinary incontinence

 

35

 

• Gynecology for pelvic floor repair — surgical intervention is usually required for pelvic
floor repair for the treatment of cystocele (bladder), enterocele (intestine), and rectocele
(rectum) and vault suspension for uterine prolapse

 

36

 

• General surgery for repair of abdominal wall defects and hernias;

 

37

 

 fascial grafts have
been used historically and can better resist infection when compared to a commonly
used synthetic mesh.

 

38

 

 The major problem with the use of the fascial grafts, usually
harvested from the fascia lata in the thigh, is donor site trauma, including fluid accumu-
lation, delayed movement, and pain

 

38

 

 
• Orthopedic surgery as a periosteal replacement membrane and for rotator cuff repair

 

39,40

 

• Repair of damaged heart tissue resulting from aneurysm or chronic ischemia and for
which no donor heart is available

 

41

 

• Breast reconstruction surgery

 

42,43

 

• Neurosurgery (off label) as a dural substitute in duraplasty.

 

44,45,46,47,48

 

 (Agag et al., 2004
This application is classified as a medical device and has not yet been approved by the
FDA.

• Chronic ulcer repair (unpublished results)
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In addition to direct soft tissue replacement, application in certain areas, for example, gingiva,
dura, and bone, the acellular matrix has demonstrated a potential to remodel into tissue indistin-
guishable from the position of transplantation.

 

48

 

 Its original characteristics of dermal tissue are
replaced by the characteristics of the local surrounding tissue.

The acellular dermal matrix has been shown to function in a manner equivalent to autograft
dermis taken from a donor site on the patient.

 

21

 

 The processing of this matrix in the manner described
maximizes the use of donated human skin. The matrix has the advantage of being able to be stored
for two years under standard refrigeration. The other advantage of this type of tissue is that it can
respond to changing physiological stresses and stimuli when implanted whereas synthetic materials
cannot respond.

Another acellular matrix that has been used in clinical procedures is small intestinal submucosa
(SIS) (SurgiSis, Cook Surgical). It is derived from porcine small intestine; the submucosa is found
between the mucosal and muscular layers of the small intestine. SIS is extracted from the intestine
in a manner that removes all cells and has been used in colon and rectal surgery, ENT/head and
neck, gastroenterology, general surgery, obstetrics and gynecology, otolaryngology, plastic surgery,
thoracic surgery, urology, and vascular surgery.

Collagen extracted from animal- and human-derived sources has been used for years.

 

49

 

 Type I
collagen derived from bovine and porcine sources is predominantly used in the medical device
industry.

 

50

 

Examples of various commercial products (biological and synthetic) are listed in Table 5.1.

 

5.4 FUTURE DIRECTIONS

 

Although very effective and with a long record of accomplishment of clinical safety, it is recognized
that tissue grafts will always be limited by supply of the precious gift of tissue donation. This has
led to a strong interest in the cross-discipline area of tissue engineering. The basic tenet of tissue
engineering is that tissues are composed of cells and scaffolds in the presence of growth factors
and cytokines. Tissue engineering in current context is usually considered the combining of cells
(various types), scaffold (biological or synthetic, biocompatible, integrating) and growth factors,
genes, proteins, peptides (or any other bioactive molecule) to result in the replacement, regeneration,
or enhancement of a nonfunctional, damaged, or missing tissue. The result would be to recapitulate
the biological and physical function of the tissue deficit with minimal or no adverse event.

In the 1950s the focus was on the use of materials that were bioinert and had minimal if any
interaction with surrounding tissue. These materials, including ceramics, Teflon, silicone, metal
alloys, and titanium, were and are still used to replace joints (hips), blood vessels, heart valves,
and bone. Although effective, these materials are limited in their durability and/or biocompatibility.
Degradation of synthetic materials can release harmful by-products locally into the surrounding
tissues and systemically. Hence, mechanical hips have a finite lifespan, and mechanical heart valves
require lifelong anticoagulation to prevent clotting.

Synthetic biomaterials may be divided into their material class of ceramics, metals, polymers,
and composites. They may also be classified by the body response or degradation rate, hence leading
to descriptors such as inert, biotolerant, bioactive, and resorbable. In these situations the body
will either surround a biomaterial if it is inert or biotolerant or may create tissue which bonds
closely with the biomaterial. In each application, there will be situations that can stimulate a cell
response and so a biological classification of implants may provide descriptors of conductivity and
inductivity, the ability to conduct tissue growth or have a specific tissue growth in a part of the
body that does not normally include that particular tissue.

Biomaterials will be discussed in terms of their materials classification, their architectural
modification for tissue engineering, and a comparison made with biological alternatives. A com-
bination of biological and synthetic approaches will be considered as a means of improving the
body’s participation in healing or creating a specific tissue type.
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TABLE 5.1
Some Examples of Commercial Products and Their Application

 

Category Product (Company) Composition Application

Biological

 

AlloDerm LifeCell Corp. Acellular human dermis (preserved 
and freeze-dried)

Soft tissue reconstruction 
(e.g., full-thickness burns, 
head and neck 
reconstruction, dental 
(gingiva, socket), pelvic 
floor repair, abdominal wall 
repair, rotator cuff, dura, 
bladder sling, breast 
reconstruction, cardiac 
repair

SurgiSis Cook Surgical Derived from porcine small intestinal 
submucosa — acellular

Soft tissue reinforcement, 
e.g., hernia repair

Demineralized bone Osteotech; Musculoskeletal 
Transplant Foundation; 
Regeneration Technologies, 
etc.

Demineralized bone (acellular) with 
various carriers such as

Glycerol, starch, hyaluronic acid, 
porcine collagen, carboxymethyl 
cellulose; calcium sulphate, etc.; 
various configurations such as 
powders, gels, putty, pasts, sheets, 
strips, etc.

Bone repair — fracture, 
spinal fusion, trauma, tumor 
resection, etc.; used as 
autograft extender, 
replacement, combined with 
marrow or as a filler within 
other bone grafting devices 
(e.g., spinal interbody cages)

Bone — weight-
bearing engineered 
grafts

Osteotech, LifeNet, 
Regeneration Technologies, 
etc.

Cortical (long bone derived), 
cancellous, cortico-cancellous (iliac 
crest derived)

Interbody fusion throughout 
length of spine; struts; 
dowels, screws, etc.

Fascia, ligaments, 
tendons

Most tissue banks Cadaver derived Soft tissue reconstruction, 
ligament/tendon 
reconstructions

 

Composite (biological + synthetic)

 

Apligraf Organogenesis, Inc. Bi-layered skin substitute consisting 
of an epidermal layer which is 
formed by neonatal human 
keratinocytes and the dermal layer 
is composed of neonatal human 
fibroblasts within a bovine type 1 
collagen lattice (cells are derived 
from the same donor)

Venous ulcer repair;
Contraindicated for infected 
wounds, or on patients with 
known allergies to bovine 
collagen or hypersensitivity 
to the components of the 
shipping medium

Dermagraft Smith & Nephew (originally 
developed by Advance 
Tissue Sciences)

Neonatal foreskin fibroblasts seeded 
onto the Vicryl scaffold (blend of 
polylactic and polyglycolic acids) 
— cryopreserved

Indicated for use in the 
treatment of full-thickness 
(dermis) diabetic foot ulcers 
greater than six weeks’ 
duration; contraindicated for 
infected sites
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TABLE 5.1 (CONTINUED)
Some Examples of Commercial Products and Their Application

 

Category Product (Company) Composition Application

 

TransCyte Smith & Nephew Neonatal foreskin fibroblasts seeded 
onto nylon mesh which is initially 
coated with porcine dermal collagen 
and bonded to a polymer membrane 
(silicone) (Biobrane) 
(cryopreserved)

Temporary wound covering 
for surgically excised full-
thickness and partial-
thickness burns; 
contraindicated in those 
patients with known 
hypersensitivity to porcine 
dermal collagen or bovine 
serum albumin

OrCel Ortec International, Inc. OrCel is a bilayered cellular matrix 
of donor neonatal dermal fibroblasts 
cultured on and within the porous 
sponge side of the bilayered 
collagen sponge; keratinocytes, 
from the same donor, are cultured 
on the coated, nonporous side of the 
collagen matrix

Treatment of Epidermolysis 
Bullosa and donor sites in 
burn patients; venous stasis 
leg ulcers

 

Synthetics (nonweight-bearing)

 

Sepramesh Genzyme Biosurgery Sodium hyaluronate and 
carboxymethylcellulose coating 
(resorbable) on polypropylene 
monofilament mesh on one side; 
other side uncoated (non-
resorbable)

Soft tissue reconstruction 
(e.g., hernia repair); 
contraindicated for infants 
and growing children

Fortaflex 
(technology)

Organogenesis Inc. Highly purified type I collagen 
(FortaPerm — non-resorbable; 
FortaGen — resorbable)

Soft tissue reconstruction

Integra Integra Life Sciences Corp. Dermal regeneration template 
comprising of a porous matrix of 
cross-linked bovine tendon collagen 
fibers and a glycosaminoglycan 
(chondroitin-6-sulfate); the 
temporary epidermal substitute 
layer is made of synthetic 
polysiloxane polymer (silicone)

Partial and full-thickness soft 
tissue trauma and chronic 
wounds; burns

DuraGen PlusT Integra Life Sciences Corp. Dural Graft Matrix DuraGen Plus is 
manufactured from collagen 
obtained from bovine deep flexor 
tendon

Dura repair

PolyGraft Bone Graft 
Substitute

OsteoBiologics Inc. Porous polylactide-co-glycolide 
copolymer and calcium sulfate

Bone repair

OsteoSet Wright Medical 
Technologies

Calcium sulphate pellets Bone repair

ProOsteon-series Interpore-Cross Intl. Polylactide-co-glycolide, calcium 
sulfate, and polyglycolide fibers

Bone repair

Vitoss Orthovita Nano–particle Beta-tricalcium 
phosphate (ß-TCP)

Bone repair

 

2772_C005.fm  Page 113  Thursday, July 13, 2006  11:19 AM

© 2007 by Taylor & Francis Group, LLC



 

114

 

Advances in Biopreservation

 

5.5 CLASSES OF BIOMATERIALS

 

All materials used for implantation must satisfy the requirement of biocompatibility. As a first step,
materials should not lead to systemic toxicity, mutagenicity, carcinogenicity, pyrogenicity, irritation,
or sensitization. After these criteria are met, the material may be considered as a biomaterial for
augmentation or other application. At the first level a biomaterial may be biotolerant, in which case
the body will isolate the implanted object with a fibrous capsule to remove any influence on the
body function. Inert materials may also induce a fibrous capsule due to the competition between
different tissue types.

Ceramics fall into the class of inert biomaterials. They typically have a high elastic modulus
and are very stiff. Some ceramics exhibit a high abrasion resistance and are thus used in articulating
surfaces such as joint prosthesis. The low fracture toughness limits the applications to environments
subject to compressive stresses, or the absence of tensile stresses. Examples include alumina,
zirconia, and glasses. Inert polymeric materials are also common such as silicone, polyethylene,
and polymethylmethacrylate. These represent the first generation of materials used in implantation.

Metals also have a high stiffness, like ceramics, but are tougher and are conventionally used
for load-bearing applications or situations where a repetitive loading is experienced such as heart
valves. Metals have the disadvantage in that the pH and oxygen concentration within the body do
not provide immunity for the metal. Dissolution occurs at a higher level than ceramics and is

 

TABLE 5.1 (CONTINUED)
Some Examples of Commercial Products and Their Application

 

Category Product (Company) Composition Application

 

Alpha-Bone-
Substitute-Material 
(-BSM)

ETEX Corporation Calcium phosphate-based bone graft 
substitutes; endothermic setting

Bone repair

Collagraft Zimmer Bovine-derived fibrillar collagen and 
porous calcium phosphate ceramic 
(hydroxyapatite and tricalcium 
phosphate combination)

Bone repair

Healos Orquest Mineralized collagen sponge — 
three-dimensional, cross-linked, 
hydroxyapatite coated type I 
collagen fibers

Bone repair

 

Synthetics (weight-bearing)

 

Polymethyl-
methacrylate 
(PMMA)

Acrylic bone cement Vertebral compression 
fractures

Cortoss Orthovita Nonresorbable, terpolymer resin with 
combeite glass-ceramic reinforcing 
particles, barium boro-
aluminosilicate; amorphous silica, 
silane coupling agent

Vertebral compression 
fractures

Titanium alloys Spinal cages for discectomy 
or spine fusion

PLA-PGA
Carbon fiber
polyetheretherketone 
(PEEK)

Semicrystalline polyaromatic linear 
polymer

Interbody fusion devices
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referred to as corrosion when higher levels are attained. This is undesirable since specific elements
can disturb the cell function and may also lead to rejection of an implant as a result of the
hypersensitivity. To improve the surface of these alloys a surface coating of a ceramic such as
hydroxyapatite on prosthesis or carbon on heart valves is used. Typical alloys are stainless steel,
Ti, Co-Cr, and Zr based alloys. The flexibility of producing metallic alloy compositions can
potentially give rise to a bioresorbable material. However, the availability of high concentrations
of a metal and the influence on cell function will remain an issue. This can lead to delayed-type
hypersensitivity.

From the bioactive materials that are able to create a direct bond to the tissue, there are naturally
occurring materials and others that undergo a surface modification to integrate with the tissue.
Hydroxyapatite is a naturally occurring material, found within bone and teeth, and can be a site
for apatite precipitation and collagen deposition, thus forming a link with surrounding bone tissue.
Although this material is widely used, the optimum arrangement of crystals and chemical compo-
sition is a feature that requires ongoing investigations. Bioactive glass is subjected to a modification
by hydrolysis, incorporation of calcium ions followed by direct bonding to bone. Both materials
are bioactive, but possess a low ability to sustain loads. Studies of calcium carbonate have also
shown direct tissue bonding, which is particularly attractive due to its porous structure.

Degradable materials are the materials of choice for patients who possess the ability for
reconstruction of tissue. These materials will degrade in the body, providing free space for the cells
to generate tissue and provide the potential for tissue engineering. The degradation products need
to be biocompatible, must be readily removed, and must not lead to an undesired cell response.
Some elements have a desirable action at low concentrations, but an overdose can lead to a negative
response. The composition of biomaterials and their degradation products are critical. The removal
pathway of degradation products and the exposure to different body components is not well known,
and therefore other side effects may only be revealed after a prolonged period. Conventional metallic
alloys that participate in some movement such as lubrication have caused metallosis, but weight-
bearing, structural members or electrode materials are engulfed with tissue and lead to a low release
of degradation products. Conventional metallic alloys are typically not addressed for tissue engi-
neering, but novel alloys that slowly release elements to stimulate cell response may be developed
as degradable candidates. Inorganic materials offer possibilities since they occur naturally in the
body. From the class of bioceramics, degradable materials include calcium compounds such as
calcium phosphates or bioglasses. Calcium phosphates can be produced to a range of cystallinities.
As a noncrystalline phase, like a glass, amorphous calcium phosphate exhibits very high solubility
for fast delivery of calcium and phosphate, a mechanism the body uses to supply calcium phosphate
to infants through breast milk. A majority of polymeric materials have been used as degradable
bone implants or controlled release applications. Polylactic acid has been developed three decades
ago and has received FDA approval for biomedical application. The hydrophobicity and release of
lactic acid upon degradation is not favorable for cell response. Various approaches have been used
to produce a more suitable chemistry. A higher degradation may be achieved by producing a
copolymer with poly(glycolic acid), but the release of acidic components is still present and can
be overcome by a thin layer of a more biocompatible polymer or the inclusion of calcium phosphate
that will balance the pH upon degradation. Other synthetic biomaterials that are produced include
poly(

 

ε

 

-caprolactone), poly(propylene fumarate), polyphosphazenes, polyphosphoesters, polyanhy-
drides, and poly(orthoesters). Development of new polymeric compositions is fast relative to
metallic alloys and inorganic materials. Rapid testing approaches have been developed to quickly
ascertain the suitability of different polymers for biomedical applications. Advances in natural
macromolecules are slower due to a larger flexibility and conformations possible. Natural polymers
have included collagen and polysaccharides (alginate, chitosan, and hyaluronate).
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5.6 INFLUENCE OF THE MANUFACTURING PROCESS

 

Processing of biomaterials has utilized existing processes and materials that are used in other
industries. Additives are occasionally used with polymers to improve the processability or final
properties of the product. The influence of these processing additives or performance enhancers
such as UV stabilizers will be unnecessary in the body and may provoke a biological response.
Equipment must thus be totally dedicated for biomaterials processing. The reaction must be well
controlled in terms of reactant purity and reaction conditions. Some biomaterials are very sensitive
to the surrounding chemical environment and may include elements or chemical groups into the
structure or absorbed onto the surface of the product. Undesired by-products need to be removed
by rinsing or heating, or an alternative method.

 

5.7 SCAFFOLD DESIGN AND PRODUCTION

 

The approach of using porous materials was proposed by Langer and Vacanti in 1993. To replace
a volume of tissue/organ within the body, the use of a porous material offers a high surface area
to accommodate cells. The porous material would be constructed from a bioresorbable material
that would slowly degrade and provide space as the cells follow a particular lineage and generate
tissue.

The design aspects of the scaffold involve a long list of desired attributes. A higher proportion
of pore space is desirable to accommodate more cells within the porous material. The pore size is
the next critical aspect, and previous work with porous materials for tissue augmentation has
revealed the importance of pore size for tissue in-growth. This will be dependent on the cell type,
and is greater than 100 microns for bone cells, for example Axons are cell extensions and require
a smaller pore size for growth into and passage through the structure. Other factors that will influence
the performance of a scaffold involve pore shape and pore connectivity. The connectivity between
the pores is dictated by pore throat characteristics such as pore throat size, curvature from the
previous pore and the number of connections with neighboring pores. Lastly, the shape of the
surface may influence the cell response, and the possibilities include surface area, surface curvature,
and roughness.

Fluid flow throughout the scaffold can thus be improved with pore gradients or including
passages within a porous material. Pores with little connectivity may be designed to provide less
fluid flow, receiving nutrients or disposing of waste product from a diffusion process to the
surrounding fluid.

 

5.8 SCAFFOLDS FOR BIOMEDICAL FUNCTION

 

One of the major goals in developing biomaterials is to minimize the immune response and
maximize the regenerative response.

Biomaterials represent a possible alternative to repairing an organ or tissue. Synthetic bioma-
terials have been investigated due to the ease of manufacturing large quantities of the desired
biological tissue replacement.

The scaffold may need to sustain a load, and several possibilities are available. First, the
biomaterial will have a set stiffness and strength. For example, polymers typically exhibit low
strengths and rigidity. Incorporation of filler with a higher stiffness such as a calcium phosphate
or bioglass will increase the stiffness with a possible increase in strength. This approach would
require the selection of components that have a similar degradation rate. Pore design aspects can
also be used to improve the stiffness and strength. Smaller pore content will increase the stiffness,
the resistance to deformation. Given a set pore volume, increasing the pore size will produce thicker
pore walls, providing a better ability to sustain a load. Finally, introducing micropores into the pore
walls will provide an improvement. The combination of scaffold design aspects provides an
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unlimited range in options, and the requirements for fluid flow, mechanical properties, etc. and
need to be prioritized to provide the best scaffold performance.

Clinical applications of load-bearing synthetics are primarily in spinal arthrodesis (or fusion)
procedures. Materials used in these fusion procedures have also been used for bone loss due to
trauma, neoplasia, deformity, infection, and degenerative disease. Recent developments in spinal
implants have improved the success rate of these fusion procedures, which have been in use for
more than fifty years. A large percentage of spinal fusion procedures involve an interbody fusion
between adjacent vertebral bodies. In these procedures, the lordosis is corrected using a spacer or
strut that is placed between or adjacent to the vertebral bodies where disk or vertebral bone has
been removed. To ensure a successful procedure, this spacer or strut must function both as a
structural support and as a conduit for bone growth and fusion. Implants are currently available
for virtually every interbody application, including anterior cervical discectomy and corpectomy,
anterior lumbar and posterior lumbar interbody fusion, and thoracic and lumbar vertebrectomy.

There are various approaches for producing porous materials for tissue engineering. At the
simplest level, one may require a sheet that exhibits porosity. Meshes or intertwined fibers, an
approach used widely in the textile industry, have been used for this application. The use of fibers
represents one scaffold development direction. Woven or knitted fiber meshes provide a variable
pore size, but lack structural stability for clinical use. This led to the development of immobilizing
the separate fibers by fiber bonding. Fiber-bonded structures provide a high porosity, but lack the
required strength for load-bearing tissues. Fiber allocation initially was by a mechanical process
where structures were woven or knitted, then carefully placed within a specific orientation for
different layers, and the newest approach has involved a random deposition of fibers in as process
called electrospinning. This produces a high pore content scaffold with control over fiber diameter
as low as 50 nm, but little control of pore size.

In the 1980s the materials used for scaffolds were resorbable and predominantly amorphous,
lacking specific tissue architecture and forming nonspecific interaction with cells. Many of the
scaffold materials were derived from components that had been used for a long time in resorbable
sutures. Hence, Dermagraft (Advanced Tissue Sciences, Inc.), a product used to treat chronic ulcers,
was a porous scaffold of two materials known as polylactic acid and polyglycolic acid materials
used in Vicryl sutures. Onto this lattice neonatal fibroblasts were cultured. The concept was that
the cells would produce their own matrix while the original scaffold gradually resorbed so ultimately
a tissue would be formed.

As this and similar products were tested, it became evident that it was necessary to engineer
more complex tissue mechanisms such as tissue orientation and components and revascularization
or angiogenesis. A cell cannot survive in general if it is more than 200 microns from a blood supply
unless it is part of a special tissue such as articular cartilage or cornea. In addition, it has become
increasingly recognized that the interaction between the cell and the surrounding matrix is critical
and involves specific factors that interact with special receptors on the cell surface and determines
the nature and function of the cell. This has led to the development of biointeractive materials that
are resorbable and have information or components within the scaffold able to stimulate specific
cell responses at a molecular level. These components can be growth factors, integrins, or a variety
of extracellular matrix molecules or proteins such as various types of collagens, hyaluronic acid,
laminin, fibrinogen, and vitronectin or heparan sulphate.

These biointeractive or “smart” materials are being used in new types of manufacturing pro-
cedures such as photolithography or creating layers of smart surfaces, which can be combined to
mimic the three-dimensional structures of tissues.

 

51

 

 Another method is so-called organ printing
using CAD design to sequentially deposit layers of materials to again build a three-dimensional
representation of tissue. Into these constructs are embedded growth factors and other agents that
can stimulate blood vessel formation and potentially specific cell behavior. Surface topography has
been revealed as a key component that can direct cell movement and stimulate a particular response.
Progress in the scaffold design is addressing the incorporation of nano and microtopography, and
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only one approach can presently provide a fine topography, a series of fine ledges on the walls of
the scaffold that may direct cell movement into neighboring pores.

 

52

 

Smart materials are also being incorporated in new cell culturing techniques. The incorporation
of bioreactor technology in combination with smart surfaces has enabled the tissue constructs to
be subjected to flow and physiological stresses during cell growth and differentiation. These
bioreactors are designed to mimic the natural environment of the cells, that is, within the body.
These smart materials enable stem cells to be used as the seeding cell population. The concept is
that stem cells, which theoretically are an indefinitely renewable cell source, can provide a sus-
tainable source of cells for tissue regeneration, and can be directed to form the required type of
cell for the tissue construct.

An example of the historical progression toward tissue transplantation and bioreactor technology
is seen in the evolution of the heart valve. In 1953, the Campbell and Hufnagel mechanical heart
valve was introduced. This valve had a ball in a cage configuration and required long-term antico-
agulant therapy to avoid life-threatening clotting.
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 Mechanical valves have been significantly
refined over the years and remain today the most common heart valve replacement but still require
anticoagulant treatment. Glutaraldehyde cross-linked porcine or pig valves were introduced in 1975.
These tissue valves did not require anticoagulant treatment, but because of the cross-linking and
other factors, remain an inert nonliving valve with a relatively short lifespan due to calcification
and tissue deterioration. Cryopreserved or frozen human heart valves have had increased use from
1985, mainly in the pediatric age group. These valves are in relatively short supply and can cause
alloimmunization or sensitization of the recipient to other transplants. More recently, early results
of a tissue-engineered heart valve were published by Hoerstrup and co-workers.
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 The group
fabricated a valve from poly-4-hydroxybutrate coated polyglycolic acid. The construct was then
seeded with endothelial and smooth muscle cells and placed in a bioreactor under physiological
pressures and flow for 14 days. The valve was implanted into sheep for up to 20 weeks, and normal
valve function was demonstrated.

Incorporation of bioactive factors (growth factors, cytokines, morphogens, and even genes that
have been altered themselves so that they can be released slowly, rapidly, on demand or in a specific
sequence) into a smart material as part of its design can specifically instruct the cells placed on
the material what to do and when to do it. For example, Mahoney and Saltzman
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 developed a
polymeric material with soluble and insoluble components so that the nerve growth factor embedded
within each component was released at different times. Cells adhered onto this surface were
subsequently implanted and the release of nerve growth factor was detected for 21 days.

A more basic approach has been to inject marrow-derived stem cells directly into the damaged
heart in the hope that they seed in the damaged tissue and repopulate, differentiate, and replace
the damaged tissue.
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 The efficacy of this approach has recently been disputed.

 

57,58

 

 Less than 2%
of injected cells can ultimately be detected. Tissue regeneration is a constant battle between scar
formation and normal tissue regeneration. If the balance is tipped toward scar formation, then the
injected cells will only see the damaged tissue and will respond to this environment accordingly.
If the cells see undamaged tissue or a compatible matrix with appropriate embedded information,
then they are more likely to respond by regenerating the tissue.

Due to the recent advances in stem cell technology, stem-cell-based and non stem-cell-based
tissue engineering is being addressed on several fronts (reviewed in Bianco and Robey
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) including
blood vessels, liver, bladder, meniscus, bone, pancreas, cartilage (ear, nose, joints), oral mucosa,
nervous tissue, salivary gland, cornea, skeletal muscle, heart valves, trachea, dentin, skin, intestine,
ureter, heart muscle, kidney, urethra, and potentially others. Bone marrow contains stem cells that
have the capacity to develop into numerous tissues some of which are listed above as well as blood
cells (angioblastic cells). Another aspect of the use of smart surfaces is to expand certain types of
cells outside the body to be used as a separate source of cells. Traditionally, red cells, white cells,
and blood plasma are taken from blood donors and then separated into these components. The
number of suitable donors is diminishing with increased health risks to some populations. This is
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evidenced by the emergence of several recent cases of CJD in the UK following distribution of
blood from a single CJD positive donor (not detected at the time of donation and subsequently
presented with the disease) to a number of recipients who subsequently contracted the disease.
Blood donations have reached crisis point in the UK, but the reach is widespread as potential donors
may have lived in the UK for greater than 6 months: “The deferral implemented by the Red Cross
is the result of guidance issued by the U.S. Food and Drug Administration (FDA). The guidance
calls for the indefinite deferral of all blood donors who have spent a cumulative time of six months
or more in the United Kingdom between the years 1980 and 1996. The United Kingdom includes
England, Northern Ireland, Scotland, Wales, Isle of Man, or the Channel Islands. The deferral is
intended to reduce the 

 

theoretical

 

 risk of transmitting new variant Creutzfeldt Jakob disease (nvCJD)
through blood transfusion” (www.redcross.org). If the different types of blood cells could be
produced in bioreactors from stem cells that have been fully characterized, then the disease risk
would be negligible. Applications of tissue engineering to these problems have enormous potential
benefits to health care around the world.

Combining cell and tissue engineering technologies translates into significant prospects for the
future for these disciplines. Combining biomaterials, scaffolds, stem cells, and progenitor cells can
create biointeractive products to address significant medical needs, such as major tissue deficits
and organ damage or failure.

Several tissue engineering initiatives worldwide are bringing together expertise to address
specific problems. For example, the Pittsburgh Tissue Engineering Initiative (www.ptei.org) lists
its target areas as oral/bone, cardiovascular, stem cell, nerve, muscle, and skin tissue engineering.
Under these areas, its directed research focus is listed as human developmental biology as applied
to tissue engineering, polymer-based advanced biomaterials program, tissue imaging and bioinfor-
matics as applied to tissue structure and function, gene therapy as applied to tissue engineering,
artificial organs and tissue engineering, and clinical trials for tissue engineering technologies.
Clearly, several disciplines need to be brought together in a synergistic manner to address clinically
relevant needs. This will potentially produce a number of therapeutic outcomes and research tools
during the development of these therapeutic products. Other such initiatives include: Rice University
Bioengineering Program (www.bioe.rice.edu) implementation of a cross-disciplinary research train-
ing for their bioengineers capitalizing on recent advances in molecular and cell biology in order
to translate scientific aspects of biotechnology into new cost-effective products and processes; and
the Georgia Tech/Emory Center (GTEC) for the Engineering of Living Tissues (www.gtec.gat-
ech.edu). GTEC's mission is to be the leader in the development of critical core technologies and
an educated workforce that will enable the development of tissue engineering, revolutionize the
medical implant industry, and in the process, help confront the transplantation crisis.

Stem cells, smart surfaces, smart materials, bioreactors, and scientific ingenuity hold great
promise to make significant advances in tissue transplantation, tissue regeneration, and biomanu-
facturing in the not too distant future.
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6.1 INTRODUCTION

 

An accurate assessment of the efficacy of a biopreservation solution and protocol ultimately resides
on the quality and reliability of the viability and functional assays used to assess the preservation
process. The field of biopreservation viability assessment is continuing to evolve. Early in the
history of the discipline red blood cell preservation was monitored using simple spectrophotometers
that measured hemoglobin leakage from these cells; whereas sperm preservation was often scored
based on motility. Now, however, there are a variety of assessment assays that can track a multitude
of changes in cell physiology and function that either reflect cell death or herald the initiation of
a key death cascade precipitated by poor preservation procedures. Yet with dozens of assays now
available, a quandary is now presented on which assay(s) to choose to assess preservation efficacy.
This article reviews the current slate of viability assays that have been organized into four assay
tiers. The current state of the art indicates that multiple endpoint fluorescence assays hold the
strongest position as a battery of viability assessment tools. Nearly all of these viability assays can
be broadly applied for most cell types, whereas functional assays typically need to be tailor-matched
to the particular cell type being evaluated. A review of the literature indicates that (1) no single
assay should be used to assess viability or function of cells undergoing a preservation process, (2)
the unique behavior of a particular viability probe must be considered in the context of each cell
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type (e.g., primary hepatocytes will detoxify many fluorescent probes leading to erroneous conclu-
sions), (3) new noninvasive assays should be developed to adequately determine the preservation
efficacy of thick tissues or whole organs, (4) the future of biopreservation viability assays will be
driven by a mechanism approach that may ultimately lead to the use of proteomic and genomic
profiling of preserved tissues, and (5) a recommendation is posited arguing that the best method
of comprehensively assessing preservation efficacy is to choose at least one assay from Tiers 1, 2,
and 3 as defined herein. Thus, the portfolio of assays that is emerging is more reliable and constitutes
an array of assays that should be used as a multiple endpoint approach. Furthermore, these assays
are now yielding more information about the stress and cell death pathways in cells that are being
activated as a consequence of biopreservation. This information, in turn, will yield improved
preservation solutions and protocols in the future to support the cell therapy, gamete preservation,
and tissue and organ preservation arenas.

 

6.2 THE EVOLUTION OF THE MULTIPLE ENDPOINT AND 
MECHANISM-BASED ASSAY CONCEPTS

 

A bewildering array of viability assays that can be used to assess the efficacy of a new preservation
protocol or solution formulation is now available to the preservation biologist. Some of the earliest
assays of historical interest were limited to a single cell type. For instance, Gulevsky et al.

 

1

 

 used
one of the earliest assays reported in the literature when they examined the effects of hypertonic
solutions and slow freezing to a variety of temperatures on the permeability of plasma membranes
in erythrocytes. In this case they examined hemoglobin leakage and the release of 

 

14

 

sucrose. While
these assays appeared to work reasonably well, the former is cell specific and the latter shares the
challenge of necessitating appropriate radioactive disposal processes. Furthermore and fundamental
to this review article, both assays measured the same parameter — the loss of membrane integrity.
Thus, by using them together these assays were not designed to reveal multiple aspects of cell
death that can occur as a consequence of preservation. Yet at this point in time there were few other
probes or protocols that could reveal the underlying causes of preservation-induced cell death other
than the breakdown of cell membranes.

The next group of assays that appeared in the literature was essentially improvements and
extensions of the same type of release assays as those mentioned above. The 

 

51

 

chromium (Cr)
release assay functioned in a manner similar to the hemoglobin and glucose release assays. Unlike
the glucose release assay, the 

 

51

 

Cr release assay could be used with a multitude of cell types. This
assay was used actively in the 1970s–1990s to assess preservation efficacy. For instance, Holden
et al. used the 

 

51

 

Cr release assay to study the cryopreservation of lymphocytes.

 

2

 

 Callery et al. also
used the 

 

51

 

Cr release assay to study the cryopreservation of lymphocytes and correlated the release
of chromium to rosette-forming cells.

 

3

 

 The most recent reference to this release assay was that of
Schmidt-Wolf et al., who used it to assess the cryopreservation of murine lymphokine-activated
killer cells.

 

4

 

 By this time, however, the use of nonradioactive probes that could substitute for
radioactive isotopes was in vogue and preservation biologists began to champion other viability
assays such as the LDH release assay.

The LDH (lactate dehydrogenase) assay appeared in the literature at about the same time as
the 

 

51

 

Cr release assays were exiting the laboratory. Once again, the LDH release assay was limited
to measuring cell membrane leakage. Yet unlike the 

 

51

 

Cr leakage assay, the LDH assay is still used
today, given that it (a) is nonradioactive, (b) varies little between different cell types, and most
importantly, (c) can be used both on single-cell monolayers as well as to assess whole organ
preservation. For instance, Ostrowska et al. used the LDH release assay to examine the functional
and morphological integrity of freshly isolated and cryopreserved human hepatocytes.

 

5

 

 Not sur-
prisingly, they found a tight inverse relationship between LDH leakage and trypan blue exclusion
given that both assays measure cell membrane breakdown. As stated previously, however, the LDH
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leakage assay is still used today, given that it is an assay that works well examining the post-thaw
function of hypothermically stored organs such as liver. Tan et al., for instance, used this assay to
examine the protective effects of exogenous adenosine triphosphate on hypothermically preserved
rat liver.

 

6

 

 Quintana et al. examined the effect of S-nitrosoglutathione added to the University of
Wisconsin (UW) solution and were able to correlate the release of LDH in hypodermically stored
livers to glycogen content, the release of bile, and the morphological appearance of sinusoidal
endothelial cells.

 

7

 

 Finally, a group in the Netherlands compared the efficacy of UW solution to
HypoThermosol using the LDH assay and found both solutions to be comparable and once again,
the release of LDH appeared to correlate well with liver enzyme function.

 

8

 

 Thus, the LDH leakage
assay is still commonly used today given its flexible applications ranging from single cells to whole
organs.

The late 1980s ushered in a revolution in how 

 

in vitro

 

 toxicity assays can be accomplished
with cells seeded in multiwell plates. Two simultaneous events occurred at this time. First, the
then-young company Molecular Probes of Eugene, Oregon, introduced the power of fluorescent
probes to monitor a variety of cell functions by offering hundreds of indicator dyes primarily
designed to be used with either a flow cytometer and/or the relatively new, confocal microscope.
Yet, the implementation of fluorescent dyes to measure cell toxicity was at the outset limited to
those facilities that had these expensive instruments in house. In both cases, neither the FACS
nor the confocal was designed for high throughput screening. In the late 1980s, however, Millipore
Corporation introduced the first bottom-reading spectrofluorometer (CytoFluor) expressly
designed to read fluorescence 

 

in situ

 

 in monolayers of cells grown in multiwell plates.

 

9

 

 With the
ever-increasing number of physiology-specific fluorescent indicator dyes now marketed by a
variety of vendors and the advent of this new type of bottom-reading spectrofluorometer that
made high throughput screening possible, it was now much easier to accomplish a variety of
fluorescence-based assays often referred to as a battery or multiple-endpoint assay.

 

10,11,12

 

 The
term “endpoint” in this phrase marked the beginning of being able to look at multiple cytotoxicity
indicators that reflected different endpoints of cell death. Thus, the investigator could look at
cell membrane disruption, loss of mitochondrial proton motive force, influx of intracellular
calcium and other parameters that reflected different endpoints 

 

other than

 

 merely the ultimate
loss of cell membrane integrity that all cells experience once they have gone through the cell
death process. Furthermore, given the breadth of fluorescent probes emerging it was possible to
do double and triple labels of the same cells so that multiple parameters could be measured at
the same time and in the same cells.

 

9

 

 Thus it was clear by the early 1990s that fluorescent probes
had the versatility, chemical specificity, and spectral qualities to be considered the next generation
of viability indicators that could be used to assess preservation efficacy. This multiple-endpoint
concept is echoed in the current online Molecular Probes Handbook (http://www.probes.com/
handbook/sections/1500.html) that states the following in Section 15-1 — Overview of Probes
for Cell Viability, Cell Proliferation, and Live-Cell Function:

 

“The diversity of live cells and their environments makes it impossible to devise a single viability or
enumeration assay applicable to all cell types. Because viability is not easily defined in terms of a
single physiological or morphological parameter, it is often desirable to combine several different
measures, such as enzymatic activity, membrane permeability, and oxidation-reduction (redox) potential.
Each assay method has inherent advantages and limitations and may introduce specific biases into the
experiment; thus, different applications often call for different approaches.”

 

The third important stage in post-thaw viability assessment occurred more recently when Baust
et al. recognized that by using a mix of both the fluorescent multiple endpoint assays and spec-
trofluorometer analysis of enzymatic assays, it was possible to determine not only 

 

if 

 

cells were
succumbing to a preservation process, but in addition it was possible to determine 

 

how

 

 this occurred
and to plot a time frame in which cell death due to extended or poor cryopreservation is executed.

 

13–16
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A critical contributor to this next level in preservation assessment was the introduction of Alamar-
Blue, a metabolic indicator dye reviewed later. This probe allowed the investigator to assess the
metabolic activity of the same cell culture repeatedly over a nearly unlimited time period. This
near-real-time assay was critical for the Baust group to identify delayed-onset cell death. These
data, reviewed later, have led us to the understanding of how preservation-induced apoptosis and
its prevention are important considerations in preservation protocols.

Thus, viability assays used in the preservation sciences can be seen as three historical chapters
marked by (1) the early membrane lysis studies, (2) the multiple endpoint assays that measure
different cell parameters, and (3) the more mechanistic assays that have now revealed the importance
of both apoptosis and necrosis in preservation-induced cell death. It is the intent of this article to
review most of the assays mentioned in the current literature and organize them in a multiple tier
level so that a recommendation can be made for a multiple endpoint assay that can comprehensively
assess preservation efficacy and molecular mechanisms. An example of how these powerful assays
can be used in concert together as a step toward improved preservation protocols and solutions is
presented elsewhere. This Multiple Solution Hypothesis, a new concept in the preservation sci-
ences,

 

17

 

 would not be possible without the appropriate mix of assays from Tiers 1, 2, and 3 listed
in the next section. It is also the intent of this article to look at new and emerging technologies
such as cDNA microarrays and SELDI-TOF/ProteinChips and to make projections on how these
and other techniques will be important in the future as assay systems to understand and improve
preservation formulations and protocols.

 

6.3 THE MULTIPLE ASSAY TIER CONCEPT OF VIABILITY ASSAYS

 

A survey of nearly all viability assays available to the preservation scientist reveals that they can
be grouped into at least four categories. The following assay tier is not specific to preservation
biology, but is presented below as a tier concept that can guide those who work with preserved cells.
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This tier of assays is historically the first to be used to assess viability and still remains a key group
of techniques that should be included in all preservation viability assays. The chromium and glucose
release assays reviewed earlier are of historical importance (see previous section) and thus are not
reviewed here, but do represent cytolysis or membrane leakage assays and thus are included in this
assay tier. The cytolysis assays have both a very positive and a negative attribute to them. On the
positive side, there are a variety of assays that can reveal cell membrane leakage that occurs as a
final stage in most forms of cell death. Thus, the investigator has the flexibility to use these assays
coupled to a microscope, spectrophotometer, and/or a spectrofluorometer. Yet given that cytolysis
is the last stage of preservation-induced cell death, these assays do not reveal early-stage mecha-
nisms underlying preservation-induced cell death and thus have limited use in the future as a
diagnostic means to develop improved preservation formulations and protocols.

The LDH assay, unlike its predecessors, continues today to be useful for measuring preservation-
induced cytotoxicity. The concept behind this cytolysis assay is simply that if the cell membrane
is compromised, then LDH will leak into the extracellular milieu where it can be measured. LDH
has at least three advantages over alternative enzymes that could have been selected as candidate
enzymes to be measured. First, LDH is a common enzyme in all cells and varies little with the
metabolic state of the cell. Second, unlike many other cytoplasmic enzymes, LDH exists in a
relatively high concentration and is stable. Third, LDH can be measured using a coupled enzymatic
reaction. In this series LDH oxidizes lactate to pyruvate which, in turn, can be converted to form
formazan via the trazolium salt, INT. While there are a number of variations on how this can be
accomplished as revealed in several protocols, the end result is that the LDH is measured indirectly
via a spectrophotometer that measures formazan at an absorbance of 490–500 nm. There are several
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companies that offer protocols and kits that give detailed information of how to assess LDH leakage.
Surveying these protocols as well as original research articles has shown that the LDH assay is
reliable, but there are at least two drawbacks to this assay. First, several different controls must be
executed to compute the results. For instance, BioVision (Mountain View, California) lists a
background control, low control and high control; whereas the CytoScan LDH-Cytotoxicity Assay
Kit suggests employing seven different controls. The second drawback is that there are relatively
few viability assays that use spectrophotometric analysis, whereas the more sensitive and utilitarian
spectrofluorometry and bioluminescence are now more preferred. The LDH leakage assay does,
however, have an important virtue not shared by most other assays. As mentioned previously, it
can be used to assess the preservation efficacy of both single cells as well as whole organs. For
this reason, the LDH leakage assay should be considered a key assay in Assay Tier 1.

The trypan blue assay is also one of the most commonly used cytolysis assays. A number
of investigators has used the trypan blue exclusion assay in studying preservation efficacy. For
instance, Abrahamse 

 

et al

 

. used the trypan blue assay to measure necrosis as one of many assay
tools to compare the hypothermic preservation efficacy of UW, HTK, and Celsior solutions.

 

18

 

Muller 

 

et al

 

. used the trypan blue procedure to assess serum-free cryopreservation of porcine
hepatocytes.

 

19

 

 Finally, Isayeva 

 

et al

 

. did an interesting study on the chilling sensitivity of zebrafish
oocytes and compared the sensitivities of the MTT assay to the trypan blue assay and found the
latter more sensitive.

 

20

 

 It should be noted, however, that the MTT assay measures mitochondrial
activity that may or may not be related to cell membrane leakage measured by the trypan blue
assay.

The principle behind the trypan blue assay is simple. This dye is negatively charged and will
bind to positively charged proteins in the cytosol only if the plasma membrane is ruptured. The
advantage of the trypan blue assay over the LDH leakage assay is that the former is much easier
to execute, yet demands the use of a hemocytometer to count trypan blue-stained cells. Furthermore,
fewer positive controls are necessary to run. For instance, LDH exists in serum and thus can
influence results when one is testing cells preserved in serum-based preservation media. The
presence of serum has little effect, if any, on the trypan blue assay. It does, however, share the
same handicap as the LDH assay given that neither can be analyzed using fluorescence and/or
bioluminescence. Thus, in both bases, the LDH and trypan blue assays are not amenable to high
throughput analysis. For additional information on the trypan blue exclusion assay, more details
can be found in Freshney’s 

 

Culture of Animal Cells: A Manual of Basic Technique

 

.
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Clearly, the future of Tier 1 assays is in bioluminescence and fluorescence, given that both are
now being more commonly used in cell and molecular biology protocols. Of these two, fluorescence
dominates. Yet one particular assay that uses bioluminescence is worth mentioning, although it has
not yet been used for assessing preservation efficacy. The ToxiLight BioAssay kit (Cambrex
Corporation, Rockland, Maine) works via bioluminescence. It measures the release of adenylate
kinase from cells whose cell membranes have been damaged. Like LDH, adenylate kinase is present
in all eukaryotic cells. This enzyme converts ADP to ATP and it is the latter that is measured using
the bioluminescent firefly luciferase reaction. Thus, as the membranes break down more adenylate
kinase is released from the cells. The virtue of this assay is that it is one of the few that can be
used over time with the same cell culture set and is amenable to high throughput analysis. For
instance, a robotic system can be employed to collect very small samples of media on a regular
basis to monitor the release of the enzyme. Given that it uses the luciferase enzyme, it has a range
of over 3 orders of magnitude and can detect as few as 10 cells/microwell. As such, it is a non-
destructive or noninvasive assay that can reveal small changes in cell membrane permeability.
According to the manufacturer, it requires only one step and results can be generated in 10 minutes.
Thus, this assay appears to have great potential for assaying preservation-induced, time-dependent
changes in cell membrane integrity.

The more commonly used set of Tier 1 assays are those that employ fluorescent indicator dyes.
The explosion in the use of these fluorescent dyes as well as the plethora of multiwell-reading
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spectrofluorometers is a testimony to the utility of these indicator dyes. A large number of preser-
vation investigations have been accomplished in the past few years that have employed Tier 1
fluorescent probes that include Calcein-AM, CFDA-AM, BCECF-AM, SYTO, ethidium
homodimer, and propidium iodide. This group of probes can be subdivided into two different
subsets, one of which is trapped by the cell and leaks out only if a membrane rupture occurs. An
example illustrated later in this article is Calcein-AM. The other subtype, exemplified by propidium
iodide, is membrane insoluble and only stains the cell if it gains access through a compromised
plasma membrane.

Most of the probes in the first category contain an acetoxymethyl ester (“AM”) that confers
membrane permeability to these dyes. As electrically neutral molecules, the esterase substrates
have been very useful for loading cells with a variety of indicators that can measure intracellular
ph (BCECF-AM) to calcium (FLUO3-AM). In the hands of this investigator as well as corroborated
elsewhere (Molecular Probes Handbook), Calcein AM is the dye of choice within this Tier 1 group
due to its superior retention, resistance to change in emission intensity due to changes in pH, and
the fact that it is read at fluorescein wavelengths and thus can be quantitatively and qualitatively
analyzed using standard spectrofluorometry and fluorescence microscopy. BCECF-AM, on the other
hand, is also available to be used as a Tier 1 assay, but its emission intensity is only half-maximal
at pH 7.0. Fluorescein diacetate was one of the first probes to be used to monitor cell membrane
lysis because fluorescein is formed by intracellular hydrolysis of fluorescein diacetate, yet fluores-
cein readily leaks from cells. This high leakage rate led to the development of carboxyfluorescein
diacetate (CFDA) which upon hydrolysis forms carboxyfluorescein, but Calcein-AM is regarded
as the premier fluorescent dye that measures plasma membrane integrity.

A number of preservation biologists have used Calcein-AM, propidium iodide, and CFDA to
investigate improved preservation protocols and solutions. Grundler et al. used a SYBR-14/propid-
ium iodide stain combination to identify viable, dead, and “intermediate” bull sperm subpopulations
subsequent to cryopreservation;

 

22

 

 whereas Liu et al. used propidium iodide in conjunction with
Annexin V (discussed later) to look at the anti-apoptotic effect of ascorbic acid after cold reperfusion
injury in rat liver.
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 Sion et al. also used the Annexin V/propidium iodide combination to correlate
spermatozoa viability to function.

 

24

 

 Calcein-AM has also been used by a variety of laboratories,
including our group, to assess cell membrane leakage as a consequence of cryopreservation. For
instance, the comparative efficacies of hypothermic preservation solutions have been assessed by
our group using Calcein-AM and other fluorescent indicator probes. Neonatal human hepatocytes
were stored in a variety of hypothermic storage solutions for two days and allowed to recover at
normothermic temperatures for one day. At this time cells were incubated with Calcein-AM, washed,
and analyzed in both the fluorescence microscope (Figure 6.1) or using the CytoFluor multiwell
plate reader (Figure 6.2). Note that Calcein-AM is able to distinguish differences in the abilities
of the hypothermic preservation solutions to protect the cell membrane integrity of these hepato-
cytes. Baust et al. have also shown that Calcein-AM can be useful to demonstrate the delayed-
onset cell death that occurs to cells during the 48 hours subsequent to thawing, and can be combined
with Annexin V and propidium iodide to yield estimates of cells succumbing to necrosis and
apoptosis.

 

16

 

 Thus, Calcein-AM and the other associated plasma membrane integrity dyes have been
extensively used as a first tier to assess cell viability of preserved cells through analyzing cell
membrane integrity.
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The Tier 2 assays are designed to yield more detailed information of the basis underlying cell death
that can occur as a consequence of cell preservation. In most, if not all, cases, these assays reflect
changes in cell physiology that can occur that precede the later event of the loss in cell membrane
integrity. Once again, given the emphasis on fluorescent indicator dyes in this chapter, the major
focus will be on this type of probe. Most of these indicator dyes focus on either events that are
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FIGURE 6.1

 

Hypothermic storage of neonatal human hepatocytes. Human neonatal hepatocytes were isolated
and subcultured in 24-well dishes under normothermic conditions. Plates were then hypothermically stored
for 2 days at 4°C and then returned to normothermic temperatures (37°C) for 1 day. At the end of this third
day the cultures were incubated with Calcein-AM and standard fluorescence microscopy was used (ex 485/em
530) to capture the images above. Note that there were more cells staining with Calcein-AM in cultures that
were stored in HTS-FRS. Also note that two types of staining cells appeared in the cultures stored in ViaSpan.
The bright cells are those whose membranes have not been compromised by the storage process, whereas the
fainter cells are those that have ruptured membranes.

 

FIGURE 6.2

 

Hypothermic storage of neonatal human hepatocytes

 

 

 

following 2 days at 4°C

 

.

 

 A fluorescent
plate reader was used to quantitatively assess the same cultures depicted in Figure 6.1. Note that the difference
in emission intensity detected by the plate reader mirrored the fluorescence micrographs presented in Figure
6.1.
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components of, or linked to, apoptosis — programmed cell death. The other group of probes indicate
changes in mitochondrial activity that may or may not be linked to apoptosis and/or necrosis that
occurs as a consequence of preservation-induced cell death. Given the breadth of probes available
from several vendors, it is beyond the bounds of this discussion to list all of these assays, but the
probes used most often in the preservation sciences will be discussed.

 

6.3.2.1 Mitochondrial Probes

 

A number of probes have been very useful in assessing mitochondrial activity. One of the most
commonly used probes is the resazurin derivative, alamarBlue. Other mitochondrial probes include
the tetrazolium salts that have been used for analyzing redox potential of cells for viability,
cytotoxicity and proliferation. These compounds form a nonfluorescent formazan product and thus
cannot be incorporated easily in a multiple endpoint fluorescence assay system. Yet the reduction
of MTT is one of the most popular mitochondrial activity assays used today for a variety of
applications and can be quantified using standard absorbance readers. Castagnoli et al., for instance,
used MTT successfully to correlate changes in structure and changes in viability in cryopreserved
skin.

 

25

 

 Son et al. has also used the MTT assay for optimizing cryoprotectants for the cryopreser-
vation of rat hepatocytes.
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 On another front, a large group of dyes have emerged that are regarded
as potentiometric probes. These dyes, like their parent compound Rhodamine 123, are mitochondrial
selective and can be used to analyze the proton motive force of mitochondria. In most cases the
amount of Rhodamine 123 retained by the mitochondria reflects the magnitude of the proton motive
force. While once again the diversity of these potentiometric probes is too extensive for a full
review, many of these dyes, such as JC-1, have been found extremely useful for examining changes
to mitochondrial potential as a consequence of preservation.

This chapter will focus briefly on alamarBlue and JC-1, given that both have been used to
assess preservation efficacy. AlamarBlue is a noninvasive fluorescent dye that can be analyzed either
spectrophotometrically or spectrofluorometrically. While our group has used this dye extensively
for both cryopreservation and hypothermic preservation studies,

 

13–17,27–29

 

 the reader is best directed
to an article by Voytik-Harbin et al. that compares alamarBlue to the MTT and radioactive thymidine
assays

 

30

 

 alamarBlue has several virtues. First, as demonstrated by the aforementioned group and
verified by our research team, the alamarBlue assay is a superior assay for counting cells 

 

in situ

 

.
The greater the fluorescence signal, the larger the number of cells being measured. Second, while
most investigators analyze alamarBlue using a spectrofluorometer, the conversion of alamarBlue
to its red alternative can be tracked visually. Thus, in much the same manner as developing black
and white photo prints in a developer solution, the investigator can subjectively determine the
optimum incubation time that will demonstrate differences between samples. But alamarBlue’s
major virtue lies in the fact that it is nondestructive and can be used repeatedly with the same
cultures over an extended period of time. This has been especially important to our research team
given that it has allowed us to track the time-dependent decrease in cell viability that can occur
subsequent to preservation. An example of this type of analysis is illustrated in Figure 6.3. Human
keratinocytes were seeded in cell culture plates, subjected to hypothermic exposure while immersed
in a variety of hypothermic preservation agents, and alamarBlue fluorescence (expressed as “percent
viability”) was analyzed over a three-day period. Note that the alamarBlue fluorescence of cells
preserved in UW solution (ViaSpan) was highest at Day 0 compared to the HTS (HypoThermosol)
series. Yet over the course of 3 days the apparent metabolic activity increased in the HTS series,
whereas it declined in cells stored in either UW solution or KGM (keratinocyte growth media).
Thus, if this experiment had been limited to Day 0, then the assumption might be that the UW
preservation solution is superior to HTS; yet the ability of alamarBlue to analyze the same cultures
repeatedly over a long period of time showed that the apparent metabolic activity of the cells stored
in UW appeared to decrease over time. Given that changes in alamarBlue can reflect metabolic
activity and/or an increase in cell number, additional experiments not shown here using SYTO dye
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(cell membrane permeable nuclear stain) and Calcein-AM showed that these changes reflected an
increase (HTS) and a decrease (UW, KGM) in cell number, respectively. Thus, the alamarBlue
assay was instrumental for our group to demonstrate that preservation-induced cell death can take
several days to be manifested.

 

29

 

As mentioned previously, a number of mitochondrial potentiometric dyes are available for
analyzing viability. In contrast to alamarBlue that is quantified while present in a simple, extracel-
lular, assay medium, the aforementioned group of dyes are 

 

in situ

 

 dyes that localize to the
mitochondria. Each has its own virtues and limitations. Rhodamine 123, for instance, is a cationic
dye that localizes to the mitochondria but often binds nonspecifically and creates high background
problems. Also, this and other cationic mitochondria dyes can be retained by some cells for only
an hour or two, whereas other cell types such as transformed cells can retain this dye for as long
as a week. Thus, the behavior of this dye does not lend itself to routine application in the preservation
sciences. Recently, however, our group has tested the JC-1 mitochondrial dye to determine changes
in mitochondrial activity in response to different preservation protocols and solutions.

JC-1 (5,5

 

′

 

,6,6

 

′

 

-tetrachloro-1,1

 

′

 

,3,3

 

′

 

-tetraethylbenzimidazolylcarbocyanine iodide) can exist
either as a green monomer or as a red fluorescent “J-aggregate.” The green emission profile
represents mitochondria with relatively low proton motive force; whereas the red emission repre-
sents mitochondria with robust and healthy proton motive force. The important nature of this dye
to preservation biologists is that it can directly analyze the mitochondrial activity of cells that have
emerged from a preservation sequence and the time-dependent recovery of mitochondria can be
tracked in replicate samples. Martinez-Pastor et al. have used JC-1 to assess the cryopreservation
of ram semen and it constituted one of a battery of assays that measured different viability and
functional endpoints.
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 Pena et al. also used JC-1 and correlated emission profiles to sperm motility.
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Our research team hypothermically preserved normal human dermal fibroblasts in either ViaSpan
or HTS-FRS, returned the cells to normothermic temperatures, and then analyzed them using JC-
1. The data in Figure 6.4 illustrate that JC-1 formed monomers in the mitochondria in cells preserved
in ViaSpan (right), whereas the dye formed the J-aggregates in the mitochondria in cells preserved
in HTS-FRS (left). Thus, the mitochondria in cells preserved in the latter preservation medium

 

FIGURE 6.3

 

Hypothermic storage of normal human epidermal keratinocytes. Keratinocytes were subcultured
in 96-well plates and stored for 2 days in HTS-BASE, HTS-FRS, or HTS-BASE (“HTS”) supplemented with
a Caspase inhibitor. Other cells were stored in either UW solution (ViaSpan) or KGM (Keratinocyte Growth
Medium). Cells were assayed each day with alamarBlue. Note that in five cases the metabolic activity increased
over a three-day period, whereas in two cases the metabolic activity decreased.
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appear to have a higher metabolic rate than those in cells preserved in ViaSpan. This dye is also
being used in other venues to analyze the mitochondrial permeability transition pore

 

33

 

 — a complex
system in the mitochondrial membrane that may also be important to consider in the quest to
improve preservation solutions and protocols.

 

6.3.2.2 Apoptosis Probes

 

One area in the preservation sciences that has been relatively new to appear in the science literature
is the apparent ability of both hypothermic preservation and cryopreservation to induce apoptosis
or programmed cell death. Cook et al. noted that the extended storage of engineered tissues in any
type of preservation medium can result in a time-dependent, incremental decrease in cell or tissue
viability that can last up to one week’s time.

 

34

 

 In this experimental series Cook et al. incubated the
engineered human epidermis, EpiDerm (MatTek Corporation, Ashland, Massachusetts), for a variety
of times in hypothermic preservation solutions. They determined that using alamarBlue, the tissue
viability could be monitored for a week or longer subsequent to hypothermic preservation. The
data in Figure 6.5 show that the viability of EpiDerm stored for 11 days, however, declined each
day subsequent to return to normothermic temperatures. The histology of the tissue reflected the
apparent drop in viability as seen by the daily alamarBlue readings (see micrograph insets). Yet it
was not clear until the work done by Baust et al. several years later (1999) that this preservation-
induced decline in viability referred to later as “delayed onset cell death” was due to apoptosis.

 

13

 

These observations, coupled with the increasing importance of apoptosis as the keystones to
developing new treatments for cancer, launched a new era of assays available to the preservation
biologist.

A variety of tools that range from DNA gel electrophoresis to fluorogenic assays can now be
used to study preservation-induced apoptosis. DNA gel electrophoresis has been used by our group
to study both apoptosis and necrosis in cryopreserved cells.
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 For instance, in one such case, MDCK
cells were hypothermically preserved for various periods of time and then returned to normothermic
temperatures (Figure 6.6). The pattern of the gel suggests that apoptosis is a major contributor to
preservation-induced cell death (note DNA “ladder” in Lanes 2–4), whereas necrosis is more

 

FIGURE 6.4

 

Normal human dermal fibroblasts stored in ViaSpan or HTS-FRS and stained with JC-1

 

.

 

 NHDF
were stored in either HTS-FRS (left) or ViaSpan (right) for 2 days at 4°C, returned to normothermic temper-
ature, and then stained with JC-1 and viewed with a confocal microscope. Note that most of the mitochondria
in cells stored in HTS-FRS appear orange, reflecting relatively high mitochondrial activity; whereas most of
the mitochondria in cells stored in ViaSpan appear green, reflecting depressed mitochondrial activity.
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FIGURE 6.5

 

Hypothermic preservation of EpiDerm in HTS-BASE. EpiDerm was immersed in HTS-BASE
or KGM (Keratinocyte Growth Media) for 11 days and allowed to return to normothermic temperatures. This
engineered tissue was then assayed with alamarBlue for 7 days thereafter. Note that the apparent metabolic
activity (e.g., fluorescence units) declined each day subsequent to return to 37°C. The histopathology of the
tissue was representative of this decline (see insets).

 

FIGURE 6.6

 

DNA gel electrophoresis of hypothermically preserved MDCK cells. MDCK cells were hypo-
thermically preserved for various periods of time and the genomic DNA from these cells was extracted and
run on a DNA gel. Lane 1 represents DNA from cells that were not hypothermically preserved. Note that
there is one band that does not migrate in the gel and thus is representative of uncleaved DNA. Lanes 2
through 6 represent DNA isolated from cells that were hypothermically preserved for increasing periods of
time. Note that a DNA ladder is apparent in Lanes 2 through 4 indicating apoptotic degradation of DNA,
whereas a DNA smear is present in lanes 5 and 6 suggesting that necrosis is a primary contributor to cell death.
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important at later times (note DNA “smear” in Lanes 5 and 6). Thus, it is clear that DNA gel
electrophoresis can be used as a later-stage assay to determine how cell death occurs to cells that
have been subjected to extended or faulty preservation.

A variety of assays are now available that can examine events that are upstream of DNA
cleavage. While there may be a number of ways that poorly preserved cells can launch apoptosis
(e.g., activation of cell death receptors, opening of the mitochondrial permeability transition pore,
etc.), most of these involve the activation of caspases — the executioner enzymes of apoptosis.
Baust et al. were among of the first to show that cryopreservation caused an increase in caspase
activity — a process that can be analyzed by using a fluorogenic substrate kit or through traditional
RT-PCR.
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 Since this time a variety of new methods have appeared that allow one to analyze the
activation of caspases. R&D and other groups offer caspase fluorometric assays that can be used
to examine preservation-induced caspase activation. Cells are typically subjected to a preservation
episode, the cells are then lysed, and the protease activity determined via the addition of a caspase-
specific peptide that is conjugated to the fluorescent reporter molecule, 7-amino-4-trifluoromethyl
coumarin. The cleavage by the caspase of this peptide releases the fluorochrome that can be
subsequently detected in a spectrofluorometer. The activity of the caspase is directly related to the
fluorescence intensity of the sample. An example of preservation-induced caspase activity is illus-
trated in Figure 6.7. Note that there was a time delay in the activation of caspase activity subsequent
to return to normothermic temperatures.

Other fluorogenic assays are now available that can detect active caspases 

 

in situ.

 

 For instance,
Molecular Probes offers a host of cell-permeant caspase affinity labels that can be used in this
manner. Their Vybrant FAM caspase assay kits are designed for flow cytometry whereas their new
Image-iT LIVE caspase detection kits focus on microscopy. Both use a fluorescent inhibitor of
caspases (FLICA) that can bind covalently and irreversible to active caspases and unbound FLICA
can be easily washed away. BioVision (Mountain View, CA) offers CaspGLOW fluorescein caspase

 

FIGURE 6.7

 

Increase in caspase-3 activity in CAEC subjected to cryopreservation. Coronary artery endo-
thelial cells were cryopreserved, returned to normothermic temperatures, and Caspase-3 activity was analyzed
using a fluorogenic substrate kit. Note that there was a time-dependent increase in caspase activity through 5
hours subsequent to return to normothermic temperatures.
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staining kits that can also detect the 

 

in situ

 

 activation of caspases in living cells. Like the Molecular
Probes kit, CaspGLOW consists of the caspase family inhibitor, VAD-FMK, conjugated to FITC
that irreversible binds to active caspases in living cells. As of yet, no published reports have appeared
that document the use of either of these 

 

in situ

 

 dyes for studying preservation-induced apoptosis.
Finally, one of the well-documented apoptosis probes that is an excellent example of the power

of multiple fluorescent probes is the commonly employed Annexin V/PI dual stain. Propidium
iodide was discussed previously and is a Tier 1 assay. Annexin V can be regarded a Tier 2 apoptosis
assay because it measures the flip-flop of phosphatidylserine from the inner plasma membrane
leaflet to the outer phospholipid layer where it can be detected by externally added, membrane-
impermeable, Annexin. This inversion of phosphatidylserine is one of the earliest events in apoptosis
and has been used by our group to study cell death events occurring as a consequence of both
hypothermic storage,

 

35

 

 as well as cryopreservation.

 

16

 

 An example of images generated using this
triple-label technique is presented in Figure 6.8. It is noteworthy that this double-label technique
produces four distinct populations. One group of cells does not stain to any extent with either PI
and/or Annexin V. In the micrographs in Figure 6.8 they can only be detected by DNA staining
with the Hoechst dye (right panels). A second population is one that stains exclusively with Annexin
and thus represents cells that have probably launched the apoptosis cascade. A third population is
one that stains exclusively with PI and may represent the necrosis group. It is the fourth group,
noted in Figure 6.8 as well (bottom left panel), that is the most problematic. These are cells that
stain with both Annexin V and PI and, as such, may be undergoing secondary necrosis. Secondary
necrosis defines the time in the cell death cycle where the cell has undergone apoptosis but the cell
membrane is permeable enough so that the nucleus stains with PI. This is a critical matter to
consider given that it is important to do a series of timed studies subsequent to thawing of preserved
cells to monitor both the PI and Annexin V-only staining. Double-labeled cells may indicate that
the early events of apoptosis may have already occurred.

 

FIGURE 6.8

 

Fluorescence micrographs of human renal cells stained with Annexin V/PI/Hoechst following
5 days of hypothermic storage. Human renal cells were subjected to extended hypothermic storage and stained
with Annexin V/PI (left panel) and Hoechst (right panel). The Hoechst dye is a nuclear stain that shows all
cells present in the sample. The Annexin V stains cells that have phosphatidylserine exposed on the outer
surface and the PI stains cells whose plasma membranes have been compromised. Note that some cells appear
exlusively green (Annexin V only), some exlusively red (PI only) and others are stained with both markers
(bottom left hand panel). The latter may represent cells that have undergone secondary necrosis subsequent
to apoptosis.
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6.3.2.3 Miscellaneous

 

Tier 2 assays are defined herein primarily as those that either measure mitochondrial activity or
assess early stage and late stage apoptosis/necrosis events. There are, however, many other con-
temporary assays that can be used to monitor changes in cell physiology that lead to apoptosis,
necrosis, and mitochondrial dysfunction events. For instance, Molecular Probes offers MitoSOX
Red reagent and Image-iT LIVE Green Reactive Oxygen Species Kit that can monitor oxidative
stress in live cells. While useful for mechanistic studies, these assays should not be considered
viability probes. Yet these assays, in particular, are important in assessing the oxidative stress that
occurs to cells, tissues, and organs subsequent to either a cryopreservation procedure or a hypo-
thermic storage episode.

 

6.3.3 T

 

IER

 

 3 A

 

SSAYS

 

 = F

 

UNCTIONAL

 

 A

 

SSAYS

 

One of the key components of any preservation protocol must be a functional assay that matches
the type of cells or tissue being analyzed. In some cases this determination is quite easy. For
instance, sperm motility is the method of choice for sperm cryopreservation. Martinez-Pastor et al.
showed that there was a correlation between mitochondrial activity (JC-1) and ram sperm motility
— a correlation that is not surprising given the link between the two.

 

31

 

 Pena et al. showed that the
addition of the antioxidant trolox increased both JC-1 staining and motility of boar sperm.

 

32

 

 Thus,
these and other studies suggest that there may be a relationship between the viability and functional
assay. Finally, Nallella et al. used a motility assay to evaluate two cryopreservation methods and
three cryoprotectants on the preservation of human spermatozoa.

 

36

 

 Thus, the sperm motility is a
well-accepted functional assay for this system.

The choice of a functional assay for the hypothermic preservation of single cardiomyocytes is
also straightforward. Our group has compared a number of different hypothermic storage solutions
that includes cell culture media, ViaSpan (UW solution), and a number of Hypothermosol variants
for their abilities to protect cardiomyocytes at 4°C. In this case cultures were scored for the percent
cells beating and the same cultures were then assessed for viability using Calcein-AM. Note in
Figure 6.9 that there is a tight relationship, once again, between the viability assay and the functional
test.

Finally, the preservation of livers and hepatocytes is an active area of research and in most
cases functional assays are accomplished using a battery of assays. An experiment was designed
to determine if the addition of fetal bovine serum to HTS-FRS improved the performance of this
solution compared to HTS-BASE (a different HTS variant) or HTS-FRS without the serum sup-
plement (courtesy, Alina Ostrowska, Tissue Transformation Technolgies). The data are presented
in Figure 6.10. In this case five different drug-metabolizing enzyme assays were performed
(CYP3A4 = testosterone 6

 

β

 

-hydroxylation; ECOD = 7-ethoxycoumarin O-deethylation; FMO =
p-tolyl methyl sulfide oxidation; UGT = 7-hydroxycoumarin glucuronidation; ST = 7-hydroxycour-
marin sulfation). It should be noted that there was a similar functional efficacy order in most of
the assays. For instance, all five assays suggested that the hypothermic performance of HTS-FRS
was superior to that of HTS-BASE supplemented with FBS. It is curious that the data also may
suggest that storage in HTS-FRS and HTS-FRS-FBS may improve or restore the function of the
liver cells compared to freshly isolated cells (“Isolation (0hr)”). It should also be noted that the
viability of the liver cells stored in HTS-FRS was superior to that of cells stored in HTS-FBS (data
not shown). In this case viability assays were restricted to Calcein-AM given that primary hepato-
cytes can detoxify the alamarBlue.

Thus, in the case of the preservation of sperm, cardiomyocytes and liver cells there appeared
to be correlations between viability and function. Yet this is not always the case in other systems.
Neonatal human keratinocytes used to construct the epidermis that is shown in Figure 6.5 (top
insert) is a case in point. Our research team has noted that a single strain of these cells can be

 

2772_C006.fm  Page 136  Thursday, July 13, 2006  11:27 AM

© 2007 by Taylor & Francis Group, LLC



Viability and Functional Assays Used to Assess Preservation Efficacy 137

FIGURE 6.9 A comparison between viability and functional activity in neonatal rat ventricular cardiomyo-
cytes (NRVM). NRVM were isolated through proteolytic digestion, plated in 24 well plates, and maintained
at 37oC for 2 days. The cultures were then immersed for 24 hours at 4oC in a variety of hypothermic solutions
that included standard culture media, ViaSpan (“UW”), HTS-BASE, HTS-DCC, and HTS-FRS. Cultures were
scored first for the percent cells contracting (tubes, foreground) and subsequently for membrane integrity
(bars, background) using the Calcein-AM test. Note that there was a correlation between the viability and
functional asssays.

FIGURE 6.10 Hypothermic preservation of isolated human liver cells. Multiple enzymatic assays were
performed on human liver cells hypothermically preserved in HTS-BASE supplemented with 10% fetal bovine
serum (HTS-FBS), HTS-FRS, and HTS-FRS supplemented with 10% fetal bovine serum. Note that while all
assays measured different functional parameters, most of the assays had a similar hierarchical order between
sample types.
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cryopreserved multiple times and both cell proliferation and viability do not appear to be grossly
compromised as a result of these multiple preservation procedures. Yet when these cells are placed
on the appropriate microporous membrane system designed so that the cells can stratify and
differentiate into the engineered construct depicted in Figure 6.5, cells cryopreserved multiple times
are unable to differentiate fully and form a stratified epidermis. This observation implies that
multiple cell and tissue-specific functional assays should be considered carefully for human stem
cells cryobanked for subsequent use in cell therapy applications.

6.3.4 TIER 4 ASSAYS = GENOMIC AND PROTEOMIC ASSAYS

Tier 4 assays consist of a group of protocols that have not yet been tested extensively by preservation
biologists but may prove to be useful in the future design of improved preservation solutions and
protocols. Both cDNA microarrays and protein chips are available through a number of vendors
that can analyze preservation-induced stress pathways (e.g., SuperArray Bioscience) as well as
examine the protein profile of cells that have been subjected to hypothermic storage or cryopreser-
vation (e.g., Ciphergen). Our group has tested Ciphergen’s SELDI ProteinChip system for its ability
to distinguish changes in cells subjected to different cryopreservation protocols. As noted in Figure
6.11, clear differences can be noted in the profiles, yet it is unclear at this time how these data can
be used to predict viability, function, or both. Yet these assays will be crucial to the advancement
in preservation biology given that they have the capability of determining which of the stress
pathways are activated in cells. Once known, designing improved protocols or solutions that can
suppress these pathways may lead to improved procedures for cell preservation.

6.4 CONCLUSIONS

A number of assays are available to the preservation biologist. Fluorescence probes have now
proven to be the best choice for accomplishing viability and functional assays given their abundance,
versatility, and high sensitivity. New instruments, such as Molecular Devices, FLIPR system
designed for high throughput analysis, may allow preservation biologists to look at multiple
fluorescence probes in a near-real time format so that changes in cell physiology (e.g., mitochondrial
potential, intracellular calcium, etc.) can be followed over the course of several days subsequent
to return to normothermic temperatures. Furthermore, it is important that multiple assays be chosen
to assess viability and function as long as they are not measuring the same physiological parameter.
This problem can be avoided if assays are chosen from Tiers 1, 2, and 3 as described in this article.
Finally, there needs to be a focus on the Tier 4 assays that are more diagnostic in nature so that
improved preservation protocols and solutions can be developed.
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FIGURE 6.11 Ciphergen SELDI-TOF proteinchip protein profile of cells cryopreserved in different cryo-
preservation solutions. SELDI-TOF analysis of cytoplasmic proteins from C3A cells (human hepatoma cell
line) cryopreserved in either cell culture media supplemented with 5% DMSO (M5) or CryoStor CS5 (CS5).
The panel of 11 profiles (top) is a representative sample of raw SELDI-TOF data, whereas the graph below
plots protein abundance against molecular weight. Red bars indicate proteins that increase in abundance in
cells cryopreserved in CryoStor CS5; whereas the blue bars represent proteins that increase in abundance in
cells cryopreserved in cell culture media supplemented with 5% DMSO.
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7.1 INTRODUCTION

 

Cell-based therapies continue to evolve and are becoming the standard of care for a wide range of
human diseases and injuries. Most people are familiar with the transfusion of red blood cells to
treat traumatic blood loss or disease-based anemia. Similarly, tens of thousands of people each
year are treated with a bone marrow transplant.

 

1–4

 

 Cell-based therapies are based on the scientific
and clinical platform created by blood component transfusions and hematopoietic stem cell trans-
plantations. The purpose of this chapter is not to discuss clinical preservation protocols associated
with blood components or traditional hematopoietic stem cell transplants; instead, the focus is on
cell-based therapies in which the cells have undergone significant manipulation 

 

ex vivo

 

. An excellent
review of present clinical preservation practices for blood components and bone marrow can be
found in a recent review by Sputtek and Sputtek.

 

5

 

 Specifically, the cells might be cultured to expand
cell number, selected according to subpopulations, or subjected to genetic or biological modifica-
tion. The manipulation of the cells outside of the body results in a product that differs greatly from
that which is harvested from the body, and these differences influence the biological activity and
biophysical properties of the cells and consequently the methods of preservation that should be used.

 

7.2 OVERVIEW OF CELL-BASED THERAPIES

 

A wide range of cell-based therapies have been used to treat human disease. Islets of Langerhans
are transplanted to treat diabetes,

 

6

 

 and cell and tissue transplants are used to treat Parkinson’s
disease

 

7

 

 and other neurological disorders. Isolated hepatocytes are also transplanted for the
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treatment of liver disease.

 

8

 

 Blood cell-based therapies have become the standard of care for some
diseases, such as leukemia, and an even larger number of blood cell-based therapies are in preclinical
development. Processing protocols for blood cell-based therapies are much more mature and
extensive. The focus of this chapter is the preservation of bone marrow cell-based therapies.

Advances in our understanding of hematopoiesis and immunology fuel the development of a
wide range of hematopoietic cell-based therapies.

 

9

 

 For example, adoptive immunotherapy typically
involves removing lymphocytes from the patient, expanding cell numbers, and modifying the cells
to enhance specific immune function. Clinical studies of lymphokine activated killer (LAK) cells
have been performed for the treatment of advanced cancer.

 

10,11

 

 However, studies evaluating the
effect of both LAK cell and tumor infiltrating lymphocyte (TIL) infusions for the treatment of
cancer do not suggest that these therapies provide a significant clinical benefit.

 

12

 

 In contrast, when
donor lymphocyte infusions are used to treat patients who have relapsed after an allogeneic
hematopoietic stem cell transplant, a clear clinical benefit has been found.

 

13

 

 Donor lymphocyte
infusions (DLI) can be performed using minimally manipulated cells obtained using apheresis.
Other forms of DLI involve the infusion of lymphocytes depleted of or enriched with specific cell
subsets or cells transduced with suicide genes. Common clinical practice is to cryopreserve DLI
using conventional cryopreservation protocols for hematopoietic stem cell products, and the therapy
typically involves multiple infusions.

Early studies in lymphocyte-based adoptive immunotherapy led to the use of antigen-presenting
cells (specifically dendritic cells) to stimulate lymphocyte response 

 

in vivo

 

. Small numbers of
activated dendritic cells are effective in generating an immune response against different pathogens
(i.e., viruses and tumor cells). The majority of dendritic cell therapies involve taking monocytes
or hematopoietic progenitor cells (CD34+ cells) from a donor (autologous or allogenic), culturing
the cells in cytokine-supplemented media to induce maturation, and exposing the cells to proteins
from the patient’s tumor cells, followed by reinfusion of the cells into a patient.

 

14

 

 Early clinical
studies have shown that dendritic cell therapy is nontoxic and effective in certain patient groups.

 

15

 

However, more controlled clinical studies are needed to prove efficacy.
Immunotherapy is also used to treat viral infections. For example, both lymphocytes

 

16

 

 and
dendritic

 

17

 

 cells have been studied for the treatment of infection by the human immunodeficiency
virus (HIV). Viral infection after hematopoietic stem cell transplantation is still a significant source
of morbidity and mortality. Both cytomegalovirus (CMV) and Epstein–Barr infections have been
treated with immunotherapy.

 

18

 

 As in the case of adoptive immunotherapy for the treatment of cancer,
effectiveness of the therapy relies on the ability to cultivate and reinfuse virus-specific cells
(lymphocytes or dendritic cells).

Hematopoietic stem cell transplants have become the standard of care for malignant and
nonmalignant blood diseases. For instance, leukemia, aplastic anemia, or thalassemia can be treated
with hematopoietic stem cell transplants.

 

19

 

 Hematopoietic stem cell rescue has also been used to
restore bone marrow function to patients receiving high-dose chemotherapy or radiation therapy
for the treatment of solid tumors. For almost a decade, hematopoietic stem cell transplants have
been used to treat a wide range of autoimmune diseases such as rheumatoid arthritis, systemic
lupus erythematosus, and multiple sclerosis.

 

20

 

Recent studies suggest that hematopoietic stem cell transplantation can be used for the treatment
of a wide range of medical conditions. For example, early clinical studies suggest that hematopoietic
stem cell transplantation can be used in the treatment of myocardial infarctions.

 

21

 

 The limited
studies performed to date show an improvement in left ventricular function for patients receiving
injections of hematopoietic progenitor cells or unfractionated bone marrow cells after myocardial
infarction. The mechanism for the observed improvement in cardiac function is still unknown.
Further studies are needed to elucidate the mechanisms and establish conclusively the safety and
efficacy of this type of treatment.

Cells harvested from the bone marrow include both hematopoietic cells (stem cells and blood
cells at different stages of maturation) and nonhematopoietic cells (adipocytes, endothelial cells,
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stromal fibroblasts, reticular cells, smooth muscle cells, etc). More commonly known as mesen-
chymal stem cells or marrow stromal cells (MSC), these cells were discovered by Friedenstein and
colleagues over thirty years ago.

 

22

 

 They established that these cells could differentiate into osteo-
blasts, adipocytes, and chondrocytes 

 

in vitro

 

. Subsequent investigations have confirmed these
observations and further demonstrated that the cells can differentiate in culture into muscle, neuronal
precursors, and cardiomyocytes (see reference 23 for review). Additionally, animal studies show
potential effectiveness for MSC-based therapy for the treatment of ostengenesis imprefecta, Par-
kinsonism, spinal cord injury, stroke, myelin deficiency, and lung diseases.

 

23

 

 Early human clinical
trials for the use of MSCs to treat osteogenesis imperfecta,

 

24

 

 Hurler’s syndrome, and metachromatic
leukodystrophy

 

25

 

 suggest that MSCs can be effective in treating these disorders as well.
With the exception of bone marrow transplantation for the treatment of leukemia and stem cell

rescue, all the therapies described above require extensive 

 

ex vivo

 

 cell manipulation. The manipu-
lation of the cell product (expansion, enrichment or depletion of specific subsets, and biological
or genetic modification) results in a significant change in the composition of the final product from
the initial harvested product. Also, the time required for some of these protocols ranges from hours
to weeks.

 

9

 

 Furthermore, specific cell therapies may require multiple injections or infusions of cells
over a time period. All of these factors influence the preservation protocol appropriate for the
desired therapy.

As more and more cell-based therapies become the standard of care, the need to develop
improved and appropriate preservation techniques will only become more urgent. A recent survey
by Read and Sullivan

 

4

 

 shows that the most significant growth in products processed at clinical cell-
processing centers involve what have been considered nontraditional therapies described previously
in this chapter. The remaining sections in this chapter will describe both the scientific and clinical
need for reengineering preservation protocols for cell-based therapies.

 

7.3 BIOPHYSICAL PROPERTIES OF 

 

EX VIVO

 

 CULTURED CELLS

 

As described by Mazur in a recent review,

 

26

 

 “Cryobiology is not only concerned with the state of
water in cells and the role of water in the structure and function of components but is also equally
concerned with factors affecting the movement of water into and out of cells.” To that end, the
water content and water permeability for lymphocytes and hematopoietic progenitor cells have
been measured as a function of temperature and time in culture.

 

27,28

 

Ex vivo

 

 culture of hematopoietic progenitor cells resulted in a significant change in cell size.
The average cross-sectional area of freshly isolated CD34

 

+

 

 cells (hematopoietic stem cells) from
a normal donor was observed to be 57

 

±

 

13 

 

µ

 

m

 

2

 

. After culture and transduction of the cells (a five-
day protocol), the cross-sectional area of the cells had increased to 116

 

±

 

33 

 

µ

 

m

 

2

 

, which was
statistically greater than the freshly isolated cells (p<0.0001). The total volume of a cell consists
of water available for transport, solids, and water that is not available for transport. The osmotically
inactive cell volume fraction represents the relative contribution of these different components. For
CD34

 

+

 

 cells from normal donors, the osmotically inactive cell volume fraction was initially 0.29
and reduced to 0.20 after three days in culture. Combining calculations of cell volume and osmot-
ically inactive cell volume fraction, the water content of the cells increased roughly twofold during
the brief culture period. 

We were interested not only in water content but water transport as well. The lymphocytes,
which were cultured 

 

ex vivo

 

 for two weeks to permit expansion of total cell number and genetic
modification, were frozen on a cryomicroscope. The volumetric response of the cells was observed
during the freezing process, and the corresponding images were analyzed. Figure 7.1 shows the
normalized volume as a function of temperature for cells frozen at 20ºC/min. The volumetric
response of the lymphocytes that were cultured and transduced is compared to freshly isolated
lymphocytes from a normal donor. The normalized cell volume (volume at a given temperature
divided by the initial volume) decreased more rapidly as a function of temperature for the cultured
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cells than the fresh cells from a normal donor. In addition, the minimum normalized volume
achieved by the cultured cells was significantly less than that typically observed for the fresh cells.

The efflux of water that results in the observed change in cell volume can be analyzed using
a nonequilibrium model developed by Mazur.

 

29

 

 Assuming that equilibria of temperature and pressure
prevail between the intra- and extracellular media, the following equation can be written:

(7.1)

in which 

 

V

 

 is the cell volume, 

 

T

 

 is the temperature (absolute),

 

 L

 

p

 

 

 

is the hydraulic permeability, A
is the surface area of the cell, B is the cooling rate, 

 

ν

 

w

 

 is the partial molar volume of water, 

 

V

 

b

 

 is
the osmotically inactive cell volume fraction, 

 

ν

 

s

 

 

 

is the partial molar volume of salt, 

 

n

 

s

 

 is the
dissociation constant for NaCl, 

 

∆

 

H

 

f

 

 is the latent heat of fusion of water, R is the Universal Gas
Constant, and 

 

T

 

r

 

 is the equilibrium freezing temperature for pure water (273.15 K).
The hydraulic permeability of the membrane, 

 

L

 

p

 

, is a function of the temperature. Assuming
an Arrhenius relationship,

 

30,31

 

 the permeability is expressed as a function of temperature: 

(7.2)

 

FIGURE 7.1

 

Normalized cell volume as a function of temperature for cultured and transduced lymphocytes
from a donor with MPS II (

 

�

 

) and freshly isolated mononuclear cells from a normal donor (

 

❍

 

).  The cells
were frozen in IMDM using a cooling rate of 20°C/min. Experimental results are given as an average ±SD
for 15 cells (Hubel, A., Darr, T.B., and Norman, J.A., Freezing characteristics of genetically modified lym-
phocytes for the treatment of MPSII, 

 

Cell Transplant

 

, 8, 521, 1999. With Permission).
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in which 

 

L

 

pg

 

 is the permeability of the cell membrane to water at the reference temperature T

 

R

 

,
and 

 

E

 

lp

 

 is the apparent activation energy for the water transport process. Analysis of the volumetric
data obtained from cryomicroscopy experiments using Equations 1 and 2 indicate that the average
values of the water permeability parameters,

 

 L

 

pg

 

 and 

 

E

 

lp

 

, for the cultured and transduced cells from
a donor with mucopolysaccharidosis Type II (MPS II) were determined to be 5.3 

 

×

 

 10

 

–14

 

 m

 

3

 

/Ns
and 156 kJ/mol, respectively. For cells from a normal donor,

 

 L

 

p

 

g

 

 and 

 

E

 

lp

 

 were 1.4 

 

×

 

 10

 

–14

 

 m

 

3

 

/Ns
and 168 kJ/mol, respectively.

 

27

 

 Thus, the 

 

ex vivo

 

 culture process resulted in an increase in both L

 

pg

 

and 

 

E

 

lp

 

 for the cells. Similar studies were performed using CD34

 

+

 

 cells (hematopoietic progenitor
cells) and, as with the lymphocyte studies, significant changes in

 

 L

 

pg

 

 and 

 

E

 

lp

 

 were observed between
fresh and cultured cells (Table 7.1). Cultured cells from a normal donor exhibited a decrease in
both 

 

L

 

pg

 

 and 

 

E

 

lp

 

 

 

with time in culture. This shift in permeability parameters differs from those
observed with lymphocytes and may reflect differences in the basic biology between mature and
progenitor cells.

Unfortunately, these studies do not suggest a specific mechanism for the change in water content
or water transport properties of the cells; however, previous studies of the freezing behavior of
hepatocytes may suggest a potential mechanism. Increases in post-thaw viability and function were
observed for hepatocytes cryopreserved after preculture in the form of aggregates.

 

32–34

 

 Studies using
NMR showed distinct shifts in membrane composition and shifts in metabolic pathways between
freshly isolated and cultured hepatocytes. These shifts in membrane composition and metabolic
activity occurred over a relatively short period of time (24 h culture), and the shifts in membrane
composition (increase in cholesterol content) were consistent with the change in water permeability
measured. These studies suggest that differences in the environment (nutrient and oxygen concen-
trations, shear forces, cell-to-cell contact, etc.) between 

 

in vitro

 

 and 

 

in vivo

 

 culture may influence
cell metabolism for hematopoietic cells cultured 

 

ex vivo

 

. This influence may result in the changes
in water content and membrane permeability observed. Additional studies are needed, however, to
conclusively establish this link. 

Stem cells capable of reconstituting hematopoiesis can be obtained from various sources —
peripheral blood, bone marrow, umbilical cord blood, and fetal liver cells — and they share certain
traits such as the expression of cell surface marker CD34

 

+

 

 and the ability to reconstitute hemato-
poiesis in humans. The different sources of hematopoietic stem cells reflect different ontogenies.
Distinct changes in proliferative and differentiation potential for the hematopoietic stem cell com-
partment have been observed throughout development and life.

 

35

 

 Investigators have examined the
water content and permeability characteristics of hematopoietic stem cells from these different
sources,

 

28,36–39

 

 and their studies provide insight into the role of ontogeny on the freezing behavior
of a cell-based therapy.

Table 7.2 provides a summary of three different biophysical properties — osmotically inactive
cell volume fraction, water permeability, and permeability to dimethly sulfoxide (Me

 

2

 

SO). Distinct
differences in the osmotically inactive cell volume fraction can be observed. Human fetal

 

TABLE 7.1
Reference Permeability and Activation Energy for CD34+ 
Cells from Normal Donors 

 

L

 

pg

 

 (10

 

–14

 

 m

 

3

 

/Ns) E

 

lp

 

(kJ/mol) V

 

b

 

 (%)

 

Freshly isolated 6.4 69 29
Cultured and transduced (day 5) 0.41 29 20

(From Hubel, A., Norman, J., and Darr, T.B., Cryobiophysical characteristics of
genetically modified hematopoietic progenitor cells, 

 

Cryobiology

 

, 38, 140, 1999.
With permission).
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liver-derived hematopoietic cells exhibit an osmotically inactive cell volume fraction of approxi-
mately 48% with decreasing values for 

 

V

 

b

 

 with maturation (in terms of ontogeny). Peripheral blood
stem cells (PBSCs) are the exception to this trend with a 

 

V

 

b

 

 

 

of approximately 29%, and that
difference may reflect the influence of the use of a drug (Granulocyte-Colony Stimulating Factor)
to stimulate migration of stem cells into the peripheral blood. The difference between the perme-
ability of the cells to water or Me

 

2

 

SO for the different cell types studied was insignificant. Variations
in biophysical characteristics for cells with ontogeny have distinct implications for the development
of cryopreservation protocols for cells and tissues derived from adult or embryonic stem cells. As
stem-cell-based products are brought to clinical and commercial use, the cryopreservation protocols
may need to reflect the distinct differences in the cells resulting from 

 

ex vivo

 

 culture and/or ontogeny.

 

7.4 POST-THAW SURVIVAL

 

The changes in biophysical properties with time in culture described in the previous section are
only one descriptor of the freezing response. We are also interested in the post-thaw survival of
cells that are cultured, frozen, and thawed. One study measured the post-thaw viability of lympho-
cytes frozen immediately after isolation and those frozen after culture and transduction.

 

27

 

 For cells
from the same donor, the post-thaw viability of lymphocytes significantly decreased from 87% for
freshly isolated cells to 69% for the cultured and transduced cells (p<0.0001). The culture and
transduction protocol for the lymphocytes was approximately two weeks in duration. These findings
suggest that long-term culture of the cells may alter their ability to survive the stresses of freezing
and thawing. Yokomuro and colleagues

 

40 observed similar results in a study of cryopreserved
cardiomyocytes. They observed that the post-thaw functional recovery of the cryopreserved cardi-
omyocytes was reduced with increased cell passage. Thus, the ability to cryopreserve primary cells
versus immortalized cell lines may be influenced by culture period. 

The previous paragraph describes a situation in which in vitro culture resulted in a decrease in
post-thaw survival. We were also interested in determining whether shorter periods of culture had
the same effect. To that end, peripheral blood lymphocytes were cultured using the same basic
protocol,27 except that the cells were not transduced with a retroviral vector and the entire culture
protocol was limited to one week in duration. Samples of the cells were removed from culture and
cryopreserved using the same protocol (10% Me2SO, 1ºC/min) at day zero, three, and seven in

TABLE 7.2
Osmotically Inactive Cell Volume Fraction (Vb) 
and Hydraulic Permeability (Lpg). Permeability to 
Me2SO (PMe2SO) for Hematopoietic Stem Cells 
from Different Sources

Cell Type Vb (%)
Lpg

(1014 m3/Ns)
PMe2SO

(108 m/s) Ref.

HFL-HSC1 48 2.4–4.4 1.0–3.5 38
Bone Marrow 21 ND2 ND 36
Cord Blood 32 2.4 1.6 39
Cord Blood3 27 2.8 0.42–7.4 37
PBSC4 29 6.4 ND 28

1 Human fetal liver-derived hematopoietic stem cells
2 Not determined
3 Determined in the presence of external ice
4 Peripheral blood stem cells from G-CSF stimulated donors
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culture. Post-thaw cell recovery — the number of viable cells post-thaw divided by the number of
viable cells prefreeze — was determined 48 hours post-thaw. The variation in cell recovery with
time in culture prefreeze is given in Figure 7.2. The cell recovery increased from 40.5 ± 2.5% at
day zero to 84 ± 18% at day three in culture. After seven days in culture, the post-thaw cell recovery
was 22 ± 18%. The cell recovery at day zero was not statistically different than day seven, but the
cell recovery at day three was distinctly greater than both days zero and seven (p<0.0001). Although
this study does not suggest a specific mechanism for the observed differences in post-thaw recovery
with time in culture, lymphocyte activation and death in culture have been analyzed in studies too
numerous to list. Medema and Borst summarized many of these studies in a review.41 They observed
that after activation, primary T-lymphocytes are resistant to activation-induced cell death for the
first few days in culture. However, these cells lose this resistance to apoptosis after three days in
culture. The culture protocol for the lymphocytes included activation of the cells by exposure to
anti-CD3 antibody at the beginning of the protocol. Thus, the observed increase in post-thaw
recovery at three days in culture may reflect the influence of cell resistance to apoptosis. Further
studies will be needed to confirm this hypothesis.

Post-thaw survival can also vary with time post-thaw. In Figure 7.3, the total number of frozen
and thawed lymphocytes in culture is determined as a function of time post-thaw. The number of
viable cells in the culture bag declines over a 48- to 72-hour period of time and finally increases
as proliferation exceeds cell death. Baust and colleagues also observed this decline in viability with
time in culture post-thaw with MDCK cells;42 they went on to establish a link between post-thaw
apoptosis and the decline of post-thaw survival.

Several investigators have documented and studied post-thaw apoptosis for hematopoietic cells.
DeBoer and colleagues43,44 observed that a significant fraction of hematopoietic stem cells (CD34+

cells) expressed early markers of apoptosis. If corrected for the fraction of cells expressing early
stage apoptosis, the post-thaw viability of CD34+ cells decreased from 78% (measured with viability
stains alone) to 42% (measured with apoptosis and viability stains combined). The authors further
asserted that post-thaw apoptosis may influence the dose of CD34+ cells required for engraftment.
Stroh and colleagues studied the specific mechanism for the observed post-thaw apoptosis45 and
found that both primary hematopoietic cells and hematopoietic cell lines exhibited post-thaw
apoptosis mediated by the mitochondria and activated specifically by caspase 3. They observed
that only overexpression of Bcl-2 resulted in protection of the cells from post-thaw apoptosis and

FIGURE 7.2 Cell recovery (number of viable cells post-thaw divided by number of viable cells prefreeze)
as a function of day in culture for peripheral blood lymphocytes frozen preserved in 10% DMSO at 1ºC/min.
The culture protocol is described in more detail in reference 27. Error bars indicate the standard deviation of
the mean (n>7).
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that the use of caspase inhibitors conferred protection from post-thaw apoptosis. Similar results
were obtained by Sarkar and colleagues studying the post-thaw apoptosis of T-lymphocytes.46 Sarkar
and colleagues also investigated the potential for using caspase inhibition to prevent apoptosis or
cytokines to rescue cells from post-thaw apoptosis. Post-thaw apoptosis has been shown to influence
the viability of hepatocytes.47–50 As with hematopoietic cells, post-thaw apoptosis for hepatocytes
appears to be mediated by the mitochondria and activated by caspases. Cell losses resulting from
apoptosis are typically observed between 24 and 72 hours post-thaw depending upon cell type. A
limited number of studies have examined the role of freezing and thawing on longer-term cell
survival. Frozen and thawed retinal pigment epithelial cells exhibited altered cell membrane protein
structure and enzymatic function as well as damage to the DNA as a result of freezing.51 A
subsequent study of these cells by Honda and colleagues demonstrated that cryopreservation
decreased proliferation of the cells post-thaw and shortened  telomeres.52 These studies suggest
that molecular-level phenomena may play an important role in both short- and long-term freezing
response.

7.5 CLINICAL ISSUES

Effective cryopreservation of cell-based therapies is essential to their clinical application. Cryo-
preservation permits coordination of culture protocols with patient care regimes, completion of
safety and quality control testing before administration, and transportation of the product from the
processing facility to the site of use (doctor’s office, hospital, etc.). Specific challenges arise in the
application of cryopreservation to a clinical context. For example, clinical application of cryo-
preservation must involve the use of solutions and reagents appropriate for human use.

The reinfusion of nonfrozen (fresh) hematopoietic cells is typically not associated with adverse
reactions;53 in contrast, the infusion of cryopreserved hematopoietic stem cells (bone marrow, PBSC,
and cord blood) is commonly associated with adverse events. Studies suggest that one source of
adverse reactions results from the infusion of cell fragments. Cell losses from the stresses of freezing
and thawing can be significant (>30%),54 and most of the dead cells are no longer intact with cell
membranes disrupted and intracellular contents released. The infusion of cell fragments has been
associated with fevers, chills, hypotension, and respiratory distress.55 The severity of the reaction
is a function of the dose of fragments infused.

FIGURE 7.3 Growth in peripheral blood lymphocytes (PBLs) from a patient with mucopolysaccharidosis
Type II after cryopreservation. PBLs were cryopreserved, thawed, washed, and cultured in a bag (redrawn
from Stroncek, D.F., et al., Retroviral transduction and expansion of peripheral blood lymphocytes for the
treatment of mucopolysaccharidosis type II, Hunter's syndrome, Transfusion, 39, 343, 1999. With permission).
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Controlled clinical studies show that Me2SO and not cell fragments is responsible for the most
severe adverse reactions. Nearly all patients receiving cryopreserved hematopoietic stem cell trans-
plants containing Me2SO experience nausea, chills, hypotension, dyspnea, and cardiac arryth-
mia.56–59 In a smaller number of patients receiving infusions with hematopoietic stem cell products,
case studies also illustrate more serious reactions including cardiac arrest,60,61 transient heart block-
age,62 neurological toxicity,63 renal failure,56,64 and respiratory arrest.65 Studies of hematopoietic
stem cell transplants in children show that reactions in this patient group are more severe.66–68

Children generally receive a greater dose of Me2SO per kg of body weight for a transplant than
adults, and consequently, children experience both more frequent and more severe adverse reactions.
Several of these studies that examined the relationship between transfusion reactions and Me2SO
content of the transplanted cells59,62,64,69,70 noted either that the greater the dose of Me2SO, the more
severe the adverse reaction, or that removing Me2SO reduced the incidence and severity of the
transfusion reaction.

Based on the clinical studies documenting the severity of reactions for children, transplantation
protocols for umbilical cord blood specify post-thaw washing of the cells to remove Me2SO.71,72

Unfortunately, washing cells (by centrifugation or automated cell washers) prior to infusion to
remove Me2SO results in significant cell losses. Antonenas and colleagues observed a loss of 27
to 30% of nucleated cells resulting from post-thaw washing of cord blood.73 A more recent study
by Perotti and colleagues74 observed a similar loss in nucleated cell counts for cord blood units
washed with an automated cell washer. Cell losses, in particular for cord blood transplants, have
a significant influence on transplant outcome.75,76 Specifically, reduced cell numbers are associated
with longer periods of engraftment and increased morbidity and mortality. Therein lies the conun-
drum: direct infusion of cryopreserved hematopoietic stem cells results in significant adverse
reactions, but washing cells to remove Me2SO results in significant cell losses with the risk of
increased patient morbidity and mortality.

Cryopreservation solutions are composed of tissue culture medium, cryoprotective agent (typ-
ically Me2SO), and animal serum (typically fetal calf serum (FCS)). As described, Me2SO is
associated with adverse reactions, as is the use of animal sera in culture media for human cell
therapy. Other components of cryopreservation solutions may also be inappropriate for human
therapeutic application. Selvaggi and colleagues77 documented a range of unfavorable reactions
resulting from the ex vivo culture of lymphocytes using FCS-containing media. Patients receiving
cell infusions exhibited hypotension, rigors, arthralgias, myalgias, headache, and/or malaise. Fur-
thermore, the majority of patients formed antibodies to specific components in FCS within two
cell infusions. This finding echoed studies performed over two decades earlier by Irie and col-
leagues.78 Both studies suggest that the use of animal sera in cryopreservation solutions for human
therapeutic applications is not appropriate. Fortunately, the majority of clinical cryopreservation
protocols do not use animal sera in the cryopreservation solution but rather autologous serum/plasma
or human serum albumin (HSA).79 The quality of the serum/plasma can vary greatly based on the
health status of the patient. Consequently, it may be difficult to obtain a consistent outcome for the
cryopreservation protocol when autologous serum is used. HSA has been adopted as an alternative
for autologous serum, but concerns over supply and the transmission of adventitious agents makes
HSA a less-than-ideal substitute. The mechanism by which proteins act to protect cells during
freezing is as yet unknown; as a consequence, little has been done to develop alternatives.

By volume the principal component of clinical cryopreservation solutions typically consists of
tissue culture media (see reference 80 for review). Tissue culture media can easily contain more
than fifty components, including amino acids, inorganic salts, vitamins, and trace elements. Many
of these components are not available in therapeutic grade, and the safety of these solutions for
humans has not been studied. A limited number of investigators have examined the use of plasma
expanders or electrolyte solutions as a base for cryopreservation solutions81 or as a short term
storage solution for hematopoietic stem cells.54,82–87 These studies suggest that infusible grade
solutions could be substituted for tissue culture media in both cryopreservation and liquid storage
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solutions. Little movement, however, has been made to standardize the use of licensed electrolyte
solutions or plasma expanders as a basis for clinical cryopreservation solutions.

7.6 CONCLUSIONS AND FUTURE DIRECTIONS

The preservation of cell-based therapies presents a unique opportunity and challenge. Studies
demonstrate that ex vivo culture can influence cell metabolism and membrane composition, which
in turn can influence post-thaw survival. Future studies elucidating the cellular and molecular
mechanisms that influence cell survival (beyond apoptosis) could be important in advancing our
basic understanding of cellular or molecular response to the stresses of freezing and thawing and
lead to the development of a novel class of cryoprotective agents (“molecular modifiers”) that
exploit this understanding to enhance post-thaw survival. We may also be able to develop ex vivo
culture protocols that minimize detrimental cell changes (increases in membrane cholesterol con-
tent, telomere shortening, and shifts in metabolism to pathways typically associated with stress
response) and therefore maximize post-thaw recovery.

At the present time, stem cell-based therapies have typically involved adult stem cells. The
preservation of embryonic stem cell-based therapies is an important emerging challenge. Early
studies have shown the ability to cryopreserve embryonic stem cells88,89 and the ability to preserve
neuronal progenitor cells derived from embryonic stem cells.90 Our difficulty in preserving certain
mature cell types (e.g., granulocytes and hepatocytes) suggests that post-thaw survival may vary
with differentiation. Our understanding of biophysical (water transport properties) and molecular
properties on the post-thaw survival of cells may be essential to the rational design of preservation
protocols for embryonic stem cell-based therapies.

Worldwide, a considerable financial and human resource investment has already been made in
banking hematopoietic stem cells.3 The hundreds of thousands of hematopoietic stem cell product
(typically cord blood) presently stored in clinical banks use conventional cryopreservation solutions
containing Me2SO. The development of improved methods of post-thaw processing to minimize
infusion of Me2SO and cell losses would improve the safety and efficacy of these products.

Finally, cell-based therapies developed for human therapeutic application require the develop-
ment of preservation methods appropriate for human use. In particular, current cryopreservation
solutions contain components associated with adverse reactions or are not available in therapeutic
grade. Alternatives for tissue culture media and animal sera have been developed and partially
adopted but are not yet mainstream. The development of Me2SO-free cryopreservation solutions
remains a significant hurdle, but it would represent a huge step forward in improving the safety of
cryopreserved cell products. Further work is needed to develop solutions safe for human use and
obtain regulatory approval.
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8.1 INTRODUCTION

 

The purpose of this chapter is to provide an overview of the “state of the art” for biopreservation
of tissues ranging from simple clumps of cells to complex tissues containing multiple cell types.
Preservation of specific tissue types including ovaries, corneas, vascular grafts, articular cartilage,
heart valves, skin, and pancreatic islets have been the subject of recent reviews.

 

1

 

 The use of human
allogeneic tissues, such as skin, heart valves, and blood vessels in medicine has become normal
practice. However, while clinical demand for tissues continues to grow, supply of these valuable
human resources has become a limiting factor. As a result, the development of living engineered
constructs has become an important new field of biomedical science and biopreservation of donor
tissues and manufactured product is generally recognized as an important issue without which many
market applications may never be fully achieved.

The differences between simple cell suspensions and structured, multicellular tissues with
respect to their responses to cooling, warming, and dehydration clearly impact their requirements
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for biopreservation. These differences have previously been described in detail with respect to the
response of structured tissues to freezing and thawing.

 

2,3

 

 We regard biopreservation to be a crucial
enabling technology for the progression from preclinical and translational clinical research on
cellular tissue products for regenerative medicine and transplantation. Tissue biopreservation is also
needed for samples to be used for various research and toxicology test purposes. The need and
advantages of tissue biopreservation are widely recognized and well documented.

 

3,4

 

 There are
several approaches to biopreservation, the optimum choice of which is dictated by the nature and
complexity of the tissue and the required length of storage. Obviously, tissues such as bone and
tendon that are banked successfully without a viable cell component (often referred to as nonliving
tissues) are far more robust in withstanding the stresses of preservation than “living” tissues that
invariably contain cells that must retain viability for maintenance of tissue functions. Maintenance
of structural and functional integrity of living tissues is demanding and will be the principal focus
of this chapter.

Short-term preservation of tissues and organs that cannot yet be successfully cryopreserved
because they sustain too much injury at deep subzero temperatures can be achieved using either
normothermic organ culture, in the case of corneas, or more commonly hypothermic storage at
temperatures a few degrees above the freezing point. Normothermic organ culture is usually limited
to corneal preservation for periods of up to a month or more.

 

4,5

 

 In contrast, hypothermic storage
is commonly employed for many types of tissue for transport between tissue donation sites,
processing laboratories and end users, and short-term storage. These approaches to short-term
biopreservation are dealt with in other chapters (see Chapter 2) and will be covered only in outline
here for completeness.

With the exception of normothermic organ culture, all approaches to biopreservation aim to
stabilize biological tissues by inhibiting metabolism and significantly retarding the chemical and
biochemical processes responsible for degradation during 

 

ex vivo

 

 storage. Long-term preservation
calls for much lower temperatures than short-term hypothermic storage and requires the tissue to
withstand the rigors of heat and mass transfer during protocols designed to optimize cooling and
warming in the presence of cryoprotective agents (CPAs). As we will explain below, ice formation
in structured tissues during cryopreservation is the single most critical factor that severely restricts
the extent to which tissues can survive cryopreservation procedures involving freezing and thawing.
In recent years, this major problem has been effectively circumvented for several tissues by using
ice-free cryopreservation techniques based upon 

 

vitrification.

 

6

 

Long-term preservation in the presence of ice is achieved by coupling temperature reduction
with cellular dehydration. In principle, stabilization by dehydration without concomitant cooling
can be achieved for long-term storage at ambient temperatures.

 

7,8

 

 However, the application of this
approach to mammalian systems is in its infancy and will be addressed at the end of this chapter
as a prospective development for the future.

Obtaining adequate and reproducible results for cryopreservation of most tissues requires
an understanding of the major variables involved in tissue processing and subsequent preser-
vation. Optimization of these variables must be derived for each tissue by experimentation
guided by an understanding of the chemistry, biophysics, and toxicology of cryobiology.

 

2,3,6,9,10

 

Before discussing the factors affecting tissue quality in detail, it is necessary to consider the
meaning of “viability” with respect to tissue function 

 

in vivo

 

. Viability may simply be defined
as the ability of preserved tissues to perform their normal functions upon return to physiological
conditions. Many means of assessing cell viability within tissues have been described including
amino acid uptake, protein synthesis, contractility, dye uptake, ribonucleic acid synthesis, and
2-deoxyglucose phosphorylation.

 

11

 

 The assay(s) used to determine viability should give clear
indications that the cells are alive and, preferably, should report on activities important for
long-term tissue functions.

Multicellular tissues are considerably more complex than single cells, both structurally and
functionally, and this is reflected in their requirements for cryopreservation. Some cell systems,
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such as platelets and sperm, may be subject to thermal or cold shock upon cooling without
freezing. In general, tissues are not known to be sensitive to cold shock. However, due to
concerns that CPAs, such as DMSO, may increase tissue sensitivity to cold shock

 

12,13

 

 or result
in cytotoxicity, CPAs are usually added to tissues after an initial cooling to 4°C prior to further
cooling. Frozen tissues have extensive extracellular and interstitial ice formation following use
of tissue bank cryopreservation procedures. Such frozen tissues may, in some cases, have
excellent cell viability. In other cases, as discussed later, viability may be very poor or cell
viability can be good but cells in the tissue may no longer operate as a functional unit. It is
usually not possible to detect where the ice was present after thawing by routine histopathology
methods. Cryosubstitution techniques, which reveal where ice was present in tissues, have,
however, demonstrated significant extracellular tissue matrix distortion and damage.

 

14–16

 

 The
extent of freezing damage depends upon the amount of free water in the system and the ability
of that water to crystallize during cooling.

Other factors, in addition to ice formation, have biological consequences during biopreservation:
the inhibitory effects of low temperatures on chemical and physical processes and, perhaps most
important, the physiochemical effects of rising solute concentrations as the volume of liquid water
decreases during crystallization. The latter process results in cell volume decreases, pH changes,
and the risk of solute precipitation. There have been several hypotheses on mechanisms of freezing-
induced injury based upon such factors.

 

3,14,17,18,19

 

Two main approaches to tissue cryopreservation are currently in use or development. The first
involves traditional freezing methods, based upon the cell preservation methods developed shortly
after the Second World War, versus approaches involving ice-free vitrification. Both approaches
involve the application of cryobiological principles.

 

3,6,14,17,18,20,21

 

 Cryobiology may be defined as the
study of the effects of temperatures lower than normal physiologic ranges upon biologic systems.
Simply cooling cells or tissues with spontaneous ice nucleation and crystal growth results in dead,
nonfunctional materials. Little advance was made in the field of cryobiology, with respect to
significant post-freeze cell survival, until 1949 when Polge et al.

 

22

 

 reported the cryoprotective
properties of glycerol. Shortly thereafter, Lovelock and Bishop

 

23

 

 discovered that dimethyl sulfoxide
(DMSO) was also an effective cryoprotectant. Since the discovery of these CPAs, the field of
cryopreservation has flourished and many other cryoprotectants have been identified.

 

 

 

Before con-
sidering cryopreservation of tissues further, we will review some of the principles of short-term
preservation in the absence of freezing.

 

8.2 SHORT-TERM TISSUE PRESERVATION

 

This section deals with the issues relating to the selection and design of solutions for hypo-
thermic preservation and tissue transport. Most tissues are transported on ice for short periods
of time before being processed for an application or cryopreserved for long-term storage.
Reference was made at the end of Chapter 2 to the importance of interventional control of the
extracellular environment of cells and tissues to optimize preservation. More specifically, the
composition of the buffer medium used to nurture the tissue during the preservation protocol
is very important but often overlooked on the assumption that conventional salt buffers such
as Ringer’s lactate and Krebs’ solution, or regular tissue culture medium will be adequate.
There are very good reasons (outlined in Ch 2) that these types of solutions may be suboptimal
for cell preservation in tissues at reduced, hypothermic temperatures. Since control of the
component cell and tissue environments is of fundamental importance for the outcome of
preservation, it is worth considering some of the basic principles of solution design in relation
to low-temperature storage. In essence, two basic types of solution are considered and often
referred to as “extracellular-type” or “intracellular-type” solutions to reflect their basic ionic
composition. Over the years we have encountered some confusion and inconsistencies in the
use of these terms, hence definitions of these terms are footnoted.*
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Some more sophisticated hypothermic blood substitution solutions such as Hypothermosol
(Biolife Solutions), Unisol™ (Organ Recovery Systems), and KPS1 (Belzer’s UW kidney perfusion
solution; Organ Recovery Systems), the formulations of which are tabulated in Chapter 2, also
contain an oncotic agent in the form of a high-molecular-weight colloid such as Dextran or
hydroxyethyl starch. These solutions are perfused through the vascular bed of an individual organ,
or even the whole body, at a pressure sufficient (typically 25–60 mm Hg) to achieve uniform tissue
distribution. To balance this applied hydrostatic pressure and prevent interstitial edema, an oncotic
agent such as albumin or synthetic macromolecular colloids (e.g., Dextran or hydroxyethyl starch)
is incorporated into the perfusate. These perfusates may have an “intracellular” or “extracellular”
complement of ions depending upon the temperature of perfusion preservation.

 

24–28

 

Methods of short-term hypothermic preservation are neither standardized nor optimized for
various tissues and organs. Currently the formulation of solutions employed differs depending upon
the type of tissue or organ and whether the excised organs are stored statically on ice or mechanically
perfused (see Chapters 2 and 9). Historically, a variety of preservation solutions have been developed
and used for organs, but their application for tissues has been generally neglected. Most tissues are
still transported in cell culture media and the fallacy of assuming that physiological culture media
is acceptable for low-temperature storage is illustrated below. While there are undisputed industry
standards for certain organs and applications, the concept of a “universal” preservation solution for
all tissues and organs has still to be realized in practice. In general, the solutions adopted for
abdominal visceral organs (kidney, liver, and pancreas) have not proved optimal for thoracic organs
(heart and lungs) and vice versa. In contrast, a new approach to “universal” tissue preservation
solutions has been developed for bloodless surgery using hypothermic blood substitution (HBS) to
protect the whole body during profound hypothermic circulatory arrest (clinical suspended anima-
tion, or “

 

corporoplegia

 

” — literally meaning body paralysis).

 

24,26,28,29

 

In recent years we have used this approach based upon the “Unisol” concept,

 

27

 

 in which two
new solutions (a “

 

maintenance”

 

 and a “

 

purge”

 

) formulated for separate roles in the procedure have
been tested.

 

30,31

 

 The principal solution is a hyperkalemic, “intracellular-type” solution designed to
“maintain” cellular integrity during hypothermic exposure at the nadir temperature (<10°C). The
companion solution is an “extracellular-type” purge solution designed to interface between blood
and the 

 

maintenance 

 

solution during both cooling and warming. This novel approach to clinical
suspended animation has been established in several large animal models

 

24,26

 

 and more recently
explored for resuscitation after traumatic hemorrhagic shock in preclinical models relevant to both
civilian and military applications.

 

30,32–35

 

 Most recently the efficacy of hypothermic blood substitution

 

* DEFINITIONS

 

“Intracellular-type”

 

 

 

solution:

 

 A preservation solution that is typically hypertonic having a composition that is designed
to restrict the passive exchange of water and ions during hypothermic exposure when cell membrane pumps are inhibited.
This is achieved by raising the concentration of potassium, and reducing sodium, to mimic that of the intracellular space
and thereby restrict passive fluxes of these ions. More importantly, an I-type solution usually includes a non-permeating
(impermeant) anion to partially replace chloride ions in the extracellular space and thereby provide osmotic support to
balance the intracellular oncotic pressure generated by macromolecules and their associated counter-ions locked inside the
cell (these molecules do not cross the plasma membrane even passively due to their size and charge). Energy-consuming
pumps normally control the water content of cells, but during hypothermia (and/or energy depletion) this control mechanism
is compromised and cells imbibe water due to the oncotic pressure of the intracellular milieu. Cell swelling due to this
passive hydraulic flux can be inhibited by raising the osmolality of the extracellular medium and by incorporating an
impermeant anion such as lactobionate, or gluconate. Hence, these biophysical characteristics are the basis of why such
solutions have been termed “intracellular-type” although in truth the solutions do not mimic the intracellular composition
of the cytoplasm in many other respects.
“

 

Extracellular-type” solution: 

 

By contrast, this is an isotonic solution having a plasma-like complement of ions that
mimics the normal extracellular environment of cells. Examples of this type of solution can range from simple saline
(“extracellular” in terms of the concentration of NaCl and osmolality) to tissue culture media that contain a more complete
complement of ions, amino acids, and other metabolites to mimic the extracellular composition of plasma and other body
fluids. Such solutions are generally poor preservation solutions at reduced temperatures principally because they do not
counteract the passive biophysical processes outlined above.
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with the hybrid Unisol solutions for whole-body protection has been demonstrated in a porcine
model of uncontrolled lethal hemorrhage (ULH).

 

30,35,36

 

In considering the efficacy of a solution for universal tissue preservation there is no better test
than to expose all the tissues of the body to cold ischemia. Moreover, protection of those tissues
most exquisitely sensitive to an ischemia/hypoxia insult, namely the heart and brain, provides the
greatest challenge. Current interests in the development of hypothermic arrest techniques to facilitate
resuscitation of hemorrhagic shock victims in trauma medicine has parenthetically provided an
opportunity to examine the efficacy of new hypothermic blood substitution solutions for universal
tissue preservation. In accordance with earlier baseline models,

 

26,37,38

 

 these studies validate the
unequivocal benefit of profound hypothermia combined with specially designed blood replacement
fluids for the protection of heart, brain, and the other major organs during several hours of cardiac
arrest and ensuing ischemia. Moreover, the preservation of higher cognitive functions in these
animals subjected to hypothermic arrest further corroborates previous reports of the high level of
neuroprotection provided by these hypothermic blood substitute solutions.

 

39

 

 The general 

 

in vivo

 

tissue-preservation qualities of this hypothermic blood substitution technique are clearly demon-
strated by the consistent resuscitation of exsanguinating animals after traumatic hypovolemic shock.
More specifically, biochemical profiles of the surviving animals showed that, apart from a transient
elevation in liver enzymes that normalized within the first post-op week, there were no metabolic
signs of organ dysfunction.

 

35

 

 This is consistent with previously published observations in a canine
model of clinical suspended animation in which specific markers of heart, brain, and muscle injury
(creatine kinase isozymes) all showed transient increases in the immediate post-op period and
returned to normal baseline levels within the first post-op week.

 

24,26

 

In conclusion, the demonstrated efficacy of these synthetic, acellular hypothermic blood sub-
stitute solutions for protection of all the tissues and organs in the body during clinical suspended
animation justifies their consideration for multiple organ harvesting from cadaveric and heart-
beating donors. Furthermore, these observations support the findings of parallel studies for longer-
term hypothermic storage of a variety of cell types derived from vascular tissues and kidney in
which the Unisol-UHK 

 

maintenance 

 

solution has provided excellent cell survival compared with
a variety of commonly employed solutions.

 

27,31

 

 This provides further evidence for the protective
properties of hypothermic blood substitutes such as 

 

Hypothermosol

 

 and 

 

Unisol

 

 solutions used for
global tissue preservation during whole body perfusion in which the microvasculature of the heart
and brain are especially vulnerable to ischemic injury.

 

24,39

 

 Moreover, the application of solution-
design for clinical suspended animation under conditions of ultraprofound hypothermia places the
Hypothermosol and Unisol solutions in a unique category as universal preservation media for all
tissues in the body. In contrast, all other preservation media, including the most widely used
commercial solutions such as UW-ViaSpan are established for specific organs, or groups of organs,
e.g., UW for abdominal organs and Celsior or Cardiosol for thoracic organs.

 

8.2.1 H

 

YPOTHERMIC

 

 S

 

TORAGE

 

 

 

OF

 

 T

 

ISSUES

 

: I

 

LLUSTRATIVE
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TUDIES

 

 U

 

SING

 

 
B

 

LOOD

 

 V

 

ESSELS

 

Hypothermic storage of whole organs flushed or perfused with a preservation solution is common
practice in clinical transplantation. This procedure leaves the vascular endothelial cells in direct
contact with the preservation medium during the cold ischemic period. The effect of storage
conditions on the integrity of vascular endothelium is therefore of crucial importance for the quality
of preservation of intact organs. Moreover, it has been established in recent years that the long-
term patency of vascular grafts used in reconstructive surgery may be significantly affected by cold
storage.

 

40

 

 We have reviewed the effects of hypothermia upon vascular function elsewhere.

 

31,41

 

 The
importance of these effects is illustrated by some experiments we conducted to compare the
microscopic changes in tissue morphology when excised blood vessels were immersed and trans-
ported in Unisol-UHK hypothermic preservation solution compared with Dulbecco’s Minimum
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Essential Medium (DMEM), which is a common culture medium used to incubate and transport
tissues 

 

ex vivo

 

. The total cold ischemia time in these experiments was relatively short, 34.5 ± 9.5
minutes for samples transported in DMEM, and 37 ± 4 minutes for samples in Unisol-UHK. Tissue
immersed and transported in DMEM on ice exhibited microscopic changes within the tunica intima
and tunica media as shown in Figure 8.1A. The intima was intact, but there was extreme vacu-
olization (indicated by the arrows) of the underlying basal lamina causing, in turn, extrusion of the
endothelial cells into the lumen and giving a “rounding-up” appearance. Apart from this vacuoliza-
tion, the endothelial cells had a near normal appearance. The smooth muscle cells (SM) had a
somewhat shrunken appearance with irregular contours. The tunica adventitia was essentially
normal. 

In contrast, jugular veins transported in Unisol demonstrated little if any histological changes
compared with the DMEM group as shown in Figure 8.1B. The tunica intima was intact with little
evidence of vacuolization of the underlying basement membrane. The smooth muscle cells (SM)
did not appear shrunken and were in a normal, horizontal orientation.

These preliminary observations have been extended recently in a comprehensive study of
interactive determinants that impact the preservation of autologous vascular grafts.

 

31

 

 A multifactorial
analysis of variance was used in the design and analysis of a study to evaluate the interaction of
solution composition with time and temperature of storage. In summary, these 

 

in vitro

 

 studies that
have examined both the function and structure of hypothermically stored blood vessels have clearly
shown that optimum preservation of vascular grafts is achieved by selection of the type of storage
medium in relation to time and temperature. Synthetic preservation solutions such as Unisol,
designed specifically to inhibit detrimental cellular changes that ensue from ischemia and hypoxia,
are clearly better than culture medium or blood and saline, which are commonly used clinically.

 

31
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The scientific rationale for the choice of components selected in the design of Unisol is largely the
same as that described previously for other hypothermic solutions

 

24–26 

 

and will be summarized here.
Based upon results from decades of organ preservation studies, desirable properties of hypothermic
preservation solution have been determined and are listed in Chapter 2. The strategic design of
solutions used for organ preservation have differed depending upon their ultimate use, either as a
flush solution for static storage of the organ, or as a perfusate for continuous, or intermittent,

 

FIGURE 8.1

 

Light microscope histology of jugular vein segments after a period of cold ischemia in either
DMEM culture medium (A) or Unisol-UHK hypothermic preservation solution (B). Note: L = Lumen; SM=
smooth muscle cells.

L
A
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perfusion of the organ. Taking a unique approach, Unisol has been formulated with a view to
developing a universal baseline solution that may be used for both hypothermic static storage of
tissues and organs, and also for machine perfusion preservation.

 

27,42

 

 By design Unisol contains
components that help to (1) minimize cell and tissue swelling, (2) maintain appropriate ionic
balance, (3) prevent a state of acidosis, (4) remove or prevent the formation of free radicals, and
(5) provide substrates for the regeneration of high-energy compounds and stimulate recovery upon
rewarming and reperfusion. Parenthetically, these are regarded as the minimum essential charac-
teristics for what can be regarded as baseline formulations. Additional classes of compounds can
be considered as additives to these baseline solutions to fine-tune the cytoprotective properties.
Examples are listed below and in Table 2.2 in Chapter 2. The scientific basis for new strategies to
counteract cold ischemic injury by modifying storage solutions and perfusates is still emerging.
Most of these strategies focus on combating oxidative stress and cold or hypoxia-induced apoptosis.
Some insights into the cellular and molecular mechanisms of cold-storage injury have recently
been reviewed by Rauen and DeGroot.

 

43

 

 While these mechanisms have been elucidated using
various experimental models, potential strategies

 

44,45

 

 to counteract their effects have yet to be
demonstrated in clinical practice.

The strategic design of Unisol (Table 2.2 in Chapter 2) included combining the main charac-
teristics of effective hypothermic solutions with attention toward selection of multifunction com-
ponents. By carefully selecting components that possess multiple properties, the intrinsic protective
properties of these hybrid solutions are maximized.

 

  

 

A fundamental biophysical property of the Unisol design is to provide the optimum concen-
tration of ions and colloids to maintain ionic and osmotic balance within the organ or body tissues
during hypothermia. In particular, an effective impermeant anion is included to partially replace
chloride in the extracellular space and prevent osmotic cell swelling (i.e., to balance the fixed ions
inside cells that are responsible for the oncotic pressure leading to osmotic cell swelling and eventual
lysis during ischemia and hypothermia). A number of anions including citrate, glycerophosphate,
gluconate, and lactobionate, or the anionic forms of aminosulphonic acids such as HEPES* could
be suitable candidates. Lactobionate (FW = 358) was used exclusively as the principal impermeant
in many solutions developed in recent years; these include ViaSpan

 



 

, Hypothermosol, Celsior,
Cardiosol, and Churchill’s solution, among others.

 

46–52

 

 Lactobionate is also known to be a strong
chelator of calcium and iron and may, therefore, contribute to minimizing cell injury due to calcium
influx and free radical formation.

 

53 

 

However, for organ perfusion Belzer and Southard recommended
against using lactobionate in a perfusion solution, especially for kidneys.

 

54

 

 Instead, gluconate was
selected and shown to be an important component of Belzer’s machine perfusion solution (currently
marketed as KPS1 by Organ Recovery Systems). As a hybrid solution, Unisol has effectively
incorporated both impermeants and uses gluconate (70 mM) as the predominant impermeant plus
lactobionate (30 mM) for its additional cytoprotective properties (Table 2.3 and Table 8.1). 

The osmoticum of Unisol is supplemented by the inclusion of sucrose and mannitol, the latter
of which also possesses properties as a hydroxyl radical scavenger and reduces vascular resistance
by inducing a prostaglandin-mediated vasodilatation that may be of additional benefit.

 

55,56

 

A macromolecular oncotic agent is an important component of a perfusate to help maintain
oncotic pressure equivalent to that of blood plasma. Any oncotic agent that is sufficiently large to
prevent or restrict escape from the circulation by traversing the fenestration of the capillary bed
may be considered. Examples of acceptable colloidal osmotic agents include:

• blood plasma expanders such as human serum albumin
• hetastarch or hydroxyethyl starch (HES) — an artificial colloid derived from a waxy

starch and composed almost entirely of amylopectin with hydroxyethyl ether groups
introduced into the alpha (1–4) linked glucose units

 

57

 

*  N-2(hydroxyethyl-piperazine)N-2-ethanesulfonic acid
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• Haemaccel (Hoechst) — a gelatin polypeptide

 

58

 

• pluronic F108 (BASF — a nonionic detergent copolymer of polyoxyethylene and
polyoxypropylene

 

59

 

• polyethylene glycol

 

60

 

• polysaccharide polymers of D-glucose such as the dextrans

 

61

 

For a variety of reasons, dextran-40 (average mol wt = 40,000 daltons) was selected as the
preferred colloid of choice for oncotic support to balance the hydrostatic pressure of perfusion and
help prevent interstitial edema. It has long been known that dextran can improve the efficiency of
the removal of erythrocytes from the microvasculature of cooled organs by inhibiting red cell
clumping and by increasing intravascular osmotic pressure and reducing vascular resistance.

 

62–65

 

These attributes of dextran may be particularly important during washout, both 

 

in vivo

 

 and 

 

ex vivo

 

.
Dextran is widely used clinically as a plasma expander and is readily and rapidly excreted by the
kidneys.

 

66

 

 There is ample recent evidence that dextran-40 is also an effective and well tolerated

 

TABLE 8.1
Formulation of Cryoprotectant 
Vehicle Solutions

 

Components
(mM 1–1) EC Unisol-CV

Ionic

 

Na

 

+

 

10.0 60.0
K

 

+

 

115.0 70.0
Ca

 

++

 

– 0.05
Mg

 

++

 

– 15.0
Cl

 

–

 

15.0 30.1

 

pH Buffers

 

H

 

2

 

PO

 

4
–

 

15.0 –
HPO

 

4 
2–

 

42.5 –
HCO

 

3
–

 

10.0 5.0
HEPES – 35.0

 

Impermeants

 

Lactobionate

 

–

 

– 30.0
Sucrose – 15.0
Mannitol – 25.0
Glucose 194.0 5.0
Gluconate – 70.0

 

Colloids

 

Dextran 40 – 6%

 

Pharmacologics

 

Adenosine – 2.0
Glutathione – 3.0
Osmolality (mOsm/Kg) 375 350
pH 7.6

EC (EuroCollins Solution); UNISOL-CV
(Unisol Cryoprotectant Vehicle — phosphate free
Unisol-UHK

 

31,80

 

)
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colloid in modern cold-storage solutions for organ preservation.

 

67–69

 

 Moreover, in 1996, a Swiss
clinical study verified that dextran-40 safely replaces HES in the UW solution for the purpose of
human kidney preservation for transplantation.

 

70

 

Retention of the colloid in the vascular space is an important consideration for achieving optimal
oncotic support. Any dextran that permeates into the interstitial space during the hypothermic
procedure will be readily eluted upon return to physiological conditions. Another advantage of the
use of dextran is that the viscosity of the solution will not be as high as with some other colloids
such as HES.

The ionic balance, notably the Na

 

+

 

/K

 

+

 

 and Ca

 

2+

 

/Mg

 

2+

 

 ratios, of Unisol has been adjusted to
restrict passive diffusional exchange at low temperatures when ionic pumps are inactivated. Table
8.1 shows that in the Unisol formulation, the concentration of monovalent cations Na

 

+

 

 and K

 

+

 

 are
approximately equimolar to restrict their passive transmembrane exchange. Due to documented
concerns regarding the very high potassium levels in commercial organ preservation solutions,
including ViaSpan and EuroCollins,

 

50,71,72

 

 the potassium concentration in Unisol is lower by com-
parison, but sufficiently elevated to fulfill the requirements of an “intracellular-type” preservation
medium. In the area of cardioplegia and myocardial preservation there is good evidence for
improved survival using elevated concentrations of magnesium and very low, but not zero, calcium
to avoid the putative calcium paradox.

 

73–75 Some glucose is included in these hypothermic solutions
as a substrate, but the concentration is low to prevent exogenous overload during hypothermia,
which may potentiate lactate production and intracellular acidosis by anaerobic glycolysis.76

Acidosis is a particular hazard during hypothermia and attention has been given to the inclusion
of a pH buffer that will be effective under nonphysiological conditions that prevail at low temper-
atures (see Chapter 2 for a detailed discussion of acid-base regulation under hypothermic condi-
tions). HEPES was selected as one of the most widely used biocompatible aminosulphonic acid
buffers that have been shown to possess superior buffering capacity at low temperatures,77–80 and
have been included as a major component of other hypothermic tissue preservation media.77,81,82

Synthetic zwitterionic buffers such as HEPES also contribute to osmotic support in the extracellular
compartment by virtue of their molecular size (HEPES = 238 daltons).

Adenosine is a multifaceted molecule and is included in the hypothermic preservation solutions
not only as an essential substrate for the regeneration of ATP during rewarming, but also as a
vasoactive component to facilitate efficient vascular flushing by vasodilatation.83,84 Glutathione is
included as an important cellular antioxidant and hydroxyl radical scavenger, as well as a cofactor
for glutathione peroxidase, which enables metabolism of lipid peroxides and hydrogen perox-
ide.46,85,86

Unisol, by design, is a base vehicle solution to which any combination of pharmacological
additives might be added for optimization of the preservation of a particular tissue or organ.
Moreover, there is the potential benefit of a wide variety of pharmacological and biochemical agents
that may be selected from the following categories:

• Cytoprotective agents and membrane stabilizers
• Energy-producing substrates and nucleotide precursors
• Calcium channel blockers
• Oxygen-derived free radical scavengers/antioxidants
• Apoptosis inhibitors
• Vasoactive agents
• Trophic factors
• Molecules for oxygen delivery
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8.3 TISSUE SCREENING, PREPARATION, AND ANTIBIOTIC 
STERILIZATION

If tissues are destined for transplantation, it is normal practice for them to go through an extensive
donor screening, microbial testing before and after processing to check for potential contaminants,
and incubation in antibiotic formulations to hopefully kill low levels of microbial contaminants
that are below the resolution of the microbial sampling protocols employed. In the USA the United
States Food and Drug Administration (FDA) regulates tissue-engineered products, and the allograft
tissue community has its own regulatory body, the American Association of Tissue Banks (AATB).
The AATB has established standards that provide minimum performance requirements for all
aspects of tissue banking activity.87 These guidelines include requirements for donor suitability as
well as the handling of transplantable human tissue. Their intent is to assure allograft tissue
recipients disease- and contaminant-free implants, and to help ensure the optimum clinical perfor-
mance of transplanted cells and tissues.

In contrast, tissue-engineered product regulations are in various stages of development by the
FDA. One of the issues from a regulatory perspective has been that many tissue-engineered products
combine features of drugs, devices, and/or biological products, so the normal division of work
structure at the FDA has had to be modified. The Center for Biologics Evaluation and Research
(CBER), the Center for Devices and Radiological Health (CDRH), and the Center for
Drug Evaluation and Research (CDER) have established intercenter agreements to clarify product
jurisdictional issues within the FDA. The FDA has also established an InterCenter Tissue Engi-
neering Work Group to address scientific and regulatory issues and members of this group have
been very active at large. Two other special interest groups are presently involved in the development
of standards for tissue-engineered products, the American Society for Testing and Materials (ASTM)
and the Tissue Engineering Special Interest Group of the Society for Biomaterials.

Recently the FDA published final rules establishing donor eligibility criteria for donors of
human cells, tissues, and cellular- and tissue-based products (HCT/Ps) to help prevent the trans-
mission of communicable disease when these products are transplanted. This new rule is part of
the agency's plan to regulate tissues and related products with a comprehensive, risk-based approach.
The new rule on donor eligibility pertains to donors of traditional tissues such as musculoskeletal,
skin, and eye tissues that have been required to be screened and tested for HIV, hepatitis B virus
(HBV), and hepatitis C virus (HCV) since 1993. Under this new rule, reproductive tissue (semen,
ova, and embryos), hematopoietic stem cells derived from cord blood and peripheral blood sources
(circulating blood sources as opposed to bone marrow), cellular therapies, and other innovative
products are also regulated. In addition to including a broader range of tissues and cells, the new
rule extends the scope of protection against additional communicable diseases that can be trans-
mitted through transplanted tissues and cells. The new regulation adds requirements to screen for
human transmissible spongiform encephalopathies, including Creutzfeldt-Jakob disease (CJD), and
to screen and test for syphilis. Screening and testing for still other relevant communicable disease
agents [human T-lymphotropic virus (HTLV)] would be required for viable cells and tissue rich in
leukocytes such as semen and hematopoietic stem cells. The new rule also provides a framework
for identifying emerging diseases that may pose risks to recipients of transplanted HCT/Ps and for
which appropriate screening measures or testing are available. Thus, this new regulation gives the
FDA the flexibility to rapidly address new disease threats as they appear, providing substantial new
protections for patients receiving tissue transplants. Examples of such diseases include West Nile
virus and Severe Acute Respiratory Syndrome (SARS). The rule also contains requirements related
to record keeping, quarantine, storage, and labeling of the HCT/Ps, all important to the prevention
of disease transmission. The final rule became effective on May 25, 2005. FDA documents are
available on the FDA’s web site at http://www.fda.gov. References for ethical and safety consider-
ations in Europe were recently provided by Wusteman and Hunt.1
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Regardless of whether the transplantable material is an allograft or an engineered product,
recipient safety must be ensured through administration of strict donor screening criteria along
with stringent quality control measures that encompass the entire tissue preparation protocol. In
contrast to most inanimate medical products, which are sterilized to eliminate bacterial, viral, and
fungal contaminants, it is not possible to terminally sterilize products that contain living cells. It
is necessary, therefore, to ensure the safety of these products by stringent control of the living
component source.

In engineered products, just as with allogeneic tissues and organs, procedures for the screening
of donors and handling of materials must be strictly performed. These procedures are presently in
the process of being defined and may vary depending upon the type of cell source employed. There
is no need for modification from existing clinical practice in the autologous situation, in which
cells or tissues are removed from a patient and transplanted back into the same patient in a single
surgical procedure. If the autologous cells or tissues are banked, transported, or processed with
other donor cells or tissues, however, there then exists opportunities for product adulteration and
the introduction of transmissible disease. When this is the case, good manufacturing practices
(GMPs) and good tissue practices (GTPs) should be implemented and it becomes necessary to
screen for infectious agents (US FDA, 61 CFR 26523, 1996). For example, in the case of the
Carticel™ process, in which biopsies of healthy cartilage are used as a source of chondrocytes,
the biopsies are minced, washed, and cultured with cell culture medium containing antibiotics.
However, years ago Brittberg et al.88 found that presence of antibiotics (50 µg/ml gentamicin
sulphate and 2 µg/ml amphotericin B) in the culture medium may prevent contaminant detection;
therefore the culture medium should be changed to an antibiotic-free formulation prior to testing
for bacterial contamination and extensive washing of the biological material may be required to
remove inhibitory antibiotics to allow their proliferation and subsequent detection.

Utilization of allogeneic donors is associated with greater risk than an autologous donation
because of the risk of infectious disease transmission from the donor to the recipient. Donor
screening similar to that outlined in the following section on allogeneic tissue grafts should be
performed, along with the implementation of product screening and/or quarantine procedures (US
FDA, 21 CFR Parts 16 & 1270, 1997). The allogeneic cells may then be (1) used with no
modifications after expansion in vitro, (2) genetically manipulated, or (3) turned into continuously
proliferating cell lines. As an additional safety measure, specimens of each donor tissue should be
archived for future pathogen screening.

There is a similar concern about unidentified diseases in the use of xenogeneic cell, tissue, and
organ sources. The range of infectious diseases potentially transmissible by xenogeneic cells is
unknown because infectious agents that produce little or no effects in animals may have severe
consequences in human patients. The FDA has published draft recommendations on infectious
disease issues in xenotransplantation (US FDA, 61 CFR 49920, 1996 & 62 CFR 3563, 1997). Donor
screening issues again play a significant role in the prevention of infection. With xenogeneic
materials, the pedigree and health status of environmentally isolated herds or colonies of animals
to be used as donors become critically important.

All tissues should be delivered to patients with the highest possible assurance that they are free
of pathogens. The two most effective and common methods for the prevention of infectious agent
transmission are thorough donor screening and adherence to sterile techniques during harvesting,
transport, and processing. The first step in confirming a potential donor in most parts of the world
is to obtain permission for organ and/or tissue donation from the donor’s legal next of kin.
Regulations in some countries and states may differ. Once permission has been obtained, the donor
must be screened to minimize the potential for transfer of infectious or neoplastic disease. In most
organ donors, the donor has been declared brain dead and organ functions are supported by
extracorporeal life support. This is to ensure maintenance of tissue viability while permission for
donation is obtained and donor screening and infectious disease testing is performed. The AATB
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standards require donor tissue be tested for blood-borne infectious disease prior to acceptance for
transplantation, so tissues are placed in quarantine until the test results are complete.

The most commonly employed viable tissue allografts involving antiseptic treatments are
tricuspid heart valves (aortic and pulmonary valves) and blood vessels. Other tissues, such as skin
where viability is not considered a major issue and, less frequently, transplanted tissues, are subject
to antiseptic treatment methods similar to those used for heart valves. Donor tissues for transplan-
tation are obtained aseptically in an operating room or, alternatively, at autopsy in a clean fashion.
The donor is usually prepared in a manner similar to preparing the incision site of a patient for
surgery. For example, skin donors are usually shaved and the areas of skin to be removed are
scrubbed with an iodine-based wash (for example, Betadine), rinsed with isopropyl alcohol, and
again painted with iodine.89 Kirklin and Barratt-Boyes90 have presented surgical techniques for the
recovery of hearts for valve procurement in an autopsy setting. In order to provide a sterile allograft
for transplantation, identification and elimination of any potential contaminants are required. The
antiseptic treatment stage of tissue processing begins once the tissues have been prepared and
dissected employing aseptic technique. AATB standards dictate that “processing shall include an
antibiotic disinfection period followed by rinsing, packaging, and cryopreservation” and that “dis-
infection of cardiovascular tissue shall be accomplished via a time-specific antibiotic incubation.”87

Following immersion in the antibiotic solution of choice, the tissues are incubated, while immersed,
at either 4°C or 37°C for up to 24 h (temperature and time being variable between tissue banks).
Following incubation the tissues are packaged aseptically for tissue storage by cryopreservation.

Many different antibiotic mixtures for treatment of tissues for transplantation have been
employed. Heart valve indicators of effectiveness, documented in many studies over the years,
include cellular viability, host ingrowth rate, disinfection efficiency, and valve survival rates.91–98

Various formulae using various combinations of penicillin, gentamicin, kanamycin, axlocillin,
metronidazole, flucloxacillin, streptomycin, ticarcillin, methicillin, chloramphenicol, colistimethate,
neomycin, erythromycin, and nystatin have been tried for heart valve treatment. Skin is usually
treated with gentamicin (personal communication, American Red Cross Tissue Services, 1999) or
combinations of penicillin and streptomycin.99,100 Csonge et al. reported the best results with combi-
nations of ceftazidime, ampicillin, and amphotericin.101 Currently, a modified version of the antibiotic
treatment regimen recommended by Strickett et al., in which cefoxitin, lincomycin, polymyxin B,
and vancomycin are added to sterile-filtered RPMI 1640 tissue culture medium, is being commonly
used in the USA to disinfect allograft heart valves.102 Various nutrient media have also been used,
including modified Hank’s solution, TCM 199, Eagle’s MEM, and RPMI 1640 in conjunction with
various antibiotic “cocktails.”98,102–105 While many different antibiotics in various tissue culture
media have been employed, all are employed at relative low doses with varying incubation times
at either 4°C or 37°C. Care should be taken to optimize the antibiotic concentrations and conditions
to minimize loss of tissue viability and function while maximizing antimicrobial effectiveness.

The antibiotic solutions developed for the antiseptic treatment of heart valves were originally
formulated to ensure sterility after weeks of storage at 4ºC. However, Angell et al. showed that
antibiotics are more effective at physiological temperatures (~37ºC) than at refrigerator tempera-
tures.106 The simple protocol of collection of heart valves within 24 h of death combined with low-
dose antibiotic treatment has been reported to be sufficient to produce pathogen-free valves in
>95% of cases.107 In fact, there is little evidence that antibiotics even provide bactericidal action
at 4ºC since most antibiotics function through interference with temperature-dependent processes
of nucleic acid synthesis or the bacterial cell wall. It is possible that the effectiveness of some of
the 4ºC antibiotic treatment protocols can be credited to antibiotic binding during low-temperature
incubation, and that upon subsequent rewarming the antibiotic action is actually activated. Never-
theless, and regardless of the mechanism, cardiovascular tissue programs usually advocate the use
of antibiotics, and in some cases residual antibiotics in the tissue may actually reduce the risk of
subsequent graft infection. These tissue grafts are often preferred for implantation in infected patient
sites.
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Besides the issues of microbial effectiveness, there is also the issue of cytotoxic effects of
antibiotics upon cells and tissues. Cram et al. provided evidence that reduction in antibiotic
concentrations improves viability of refrigerated stored skin.100 There have been many reports of
antibiotic effects on heart valve cell viability,106,108–111 alterations in cell morphology,108 and inhi-
bition of cell ingrowth.92,112 In particular, amphotericin B may destabilize mammalian cell mem-
branes during cryopreservation by altering the mobility of the cholesterol in the lipid phase of the
plasma membrane or alterations in osmoregulation.111 Alternatively, amphotericin B is supplied as
a colloidal suspension that has been dispersed by the detergent deoxycholate. This detergent may
directly alter the membrane permeability properties of mammalian cells and such changes may
render the cells less resistant to the osmotic stresses of freezing and thawing. There have been few
reports on alternative antifungal agents; however, Schmehl et al. assessed the water-soluble fungi-
cide flucytosine as an alternative to amphotericin B in combination with imipenem,113 a wide
spectrum β-lactam, but this fungicide is not being used clinically for tissue processing. Elimination
of amphotericin B from the antibiotic regimen used to sterilize grafts emphasizes the fact that
postprocurement treatment cannot be relied upon to guarantee recipient safety. It further highlights
the importance of thorough donor screening. Permission for autopsy and obtaining pertinent medical
history, including detection of symptoms associated with systemic mycoses or infective endocardi-
tis, are paramount to exclusion of fungal contaminants originating from the donor graft. Strict
sterile technique during recovery, transport at 4°C, and cold, sterile processing are additional
measures to prevent fungal proliferation. A sterile specimen is preferred because evidence of fungus
may be masked by an overgrowth of competitive bacteria. Coprocessed specimens are usually tested
before and after antibiotic treatment, just prior to packaging for cryopreservation. Antibiotics cannot
be expected to unfailingly disinfect every allograft.95,114,115 The issue of how to assure sterility of
tissue allografts while maintaining cell viability and tissue functions has no effective solution in
sight.

8.4 CRYOPRESERVATION

The principles that govern the cryopreservation of mammalian systems at the cellular level are
covered in other chapters in this book and other recent reviews.18,19 Our objective here is to give
an overview of tissue preservation by relating these principles to the practical demands of developing
techniques for the preservation of living tissues. It is important to emphasize at the outset that
successful cryopreservation of tissues is not a simple matter of extrapolating the well-established
principles of cell cryopreservation to more complex tissues. The reason is that tissues are much
more than the aggregate sum of their component cells. They invariably comprise a variety of cell
types intimately associated with basement membranes, an extracellular matrix, and often a vascular
supply such that the structure of the integrated tissue demands special considerations in its response
to cryopreservation conditions for its successful preservation. These differences are manifest in
additional mechanisms of injury, identified some years ago,2 that must be circumvented for suc-
cessful preservation. Ultimately these differences in their response to freezing between individual
cells and tissues are principally due to extracellular ice formation.

A variety of factors are known to influence cell survival during cryopreservation (Table 8.2),
but the role of the vehicle solution for the CPAs is often overlooked. It is generally assumed that
simple salt buffers or conventional culture media used to nurture cells at physiological temperatures
will also provide a suitable medium for exposure at low temperatures. In a manner similar to our
earlier discussion of optimum control of the cells’ environment during hypothermic short-term
storage, cryopreservation also demands consideration of the chemical composition of the buffer
medium used as a vehicle for the CPAs as well as the temperature to which the cells are exposed.
It has been a common practice in tissue banking to use tissue culture media as the base solution
for preservation media. However, for the reasons outlined above, tissue culture media, which are
designed to maintain cellular function at normal physiological temperatures, are inappropriate for
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optimum preservation at reduced temperatures and we have long advocated the use of intracellular-
type solutions as more appropriate vehicle solutions for CPAs.77,81,116–118 Maintaining the ionic and
hydraulic balance within tissues during cold exposure can be better controlled in media designed
to physically restrict these temperature-induced imbalances and can be applied equally to the choice
of vehicle solution for adding and removing CPAs in a cryopreservation protocol.119 Moreover, the
nature of the vehicle solution used to expose cells and tissues to cryoprotectants at low temperatures
has been shown to impact the outcome of cryopreservation,77,117,120,121 and has recently become the
focus of additional research aimed at optimization and attenuation of the so-called cryopreservation
cap.80,119,122–124 

Figure 8.2 illustrates the marked effect that an intracellular-type vehicle solution can have
on the outcome of cryopreservation. In a study of factors that influence the survival of vascular
smooth muscle and endothelial cells it was discovered that the choice of carrier solution signif-
icantly impacted the optimum survival of the cells. Moreover, the survival varied with the nature
of the CPA and the cell type suggesting that nature of the vehicle solution should be included
as one of the variables that must be optimized for a given system. Our aim is to use the approach
of a hybrid universal formulation in an attempt to nullify the wide differences in available solution
choices. Baust et al. have corroborated this approach and shown that an intracellular-type solution,
Hypothermosol, provides a significantly better vehicle solution for CPAs than a range of extra-
cellular-type media in other cell systems.123–125 

Another common practice in tissue banking is to employ serum of animal origin in the
cryopreservation formulation. Serum-free procedures have been reported for a variety of tissues126

and mammalian sources of serum can be removed providing that cryopreservation conditions are
subsequently reoptimized.127

8.4.1 SYNTHETIC CRYOPROTECTANTS

Historically, serendipity has been largely responsible for most discoveries of cryoprotectants.
Cryoprotectant selection for cryopreservation in general is usually restricted to those that have
conferred cryoprotection in a variety of biological systems (dextrans, DMSO, ethylene glycol,
glycerol, hydroxyethyl starch, polyvinylpyrrolidone, sucrose, and trehalose).10 Combinations of two
cryoprotectants may result in additive or synergistic enhancement of cell survival.128,129 Comparison
of chemicals with cryoprotectant properties has revealed no common structural features. These
chemicals are usually divided into two classes: (1) intracellular cryoprotectants with low molecular
weights that penetrate and permeate cells and (2) extracellular cryoprotectants with relatively high
molecular weights (greater than or equal to sucrose [342 daltons]) that neither penetrate nor
permeate cells. A variety of biologic chemicals with cryoprotective activity for one or more
biological systems have been reported (Table 8.3). 

Intracellular cryoprotectants, such as glycerol and DMSO at concentrations from 0.5 to
3.0 molar, are effective in minimizing cell damage in slowly frozen biological systems. Extracellular

TABLE 8.2
Major Cryopreservation Variables

Freezing-compatible pH buffers
Vehicle solution selection (may vary with cryoprotectant selection)
Apoptosis inhibitors (may be required to get long-term post-thaw cell survival for some cells)
Cryoprotectant selection (optima may vary with vehicle solution selected)
Cooling rate
Storage temperature
Warming rate
Cryoprotectant addition/elution conditions (number of steps, temperature)
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cryoprotective agents such as polyvinylpyrrolidone or hydroxyethyl starch are often more effective
at protecting biological systems cooled at higher rates. Such agents are often large macromolecules
that affect the properties of the solution to a greater extent than would be expected from their
osmotic pressure. These nonpermeating cryoprotective agents are thought to have direct protective
effects on the cell membrane. This protection may be due to the oncotic forces (colloidal osmotic
pressure) exerted by large molecules and alterations in the activity of the unfrozen water caused
by hydrogen bonding to water molecules. Although cryoprotective agents also reduce the amount of
extracellular ice at each subzero temperature with a resultant increase in the volume of the unfrozen
fraction, it is not known if fewer ice crystals are responsible for any of the reduction in cell damage.130

The latter function of cryoprotective agents may also relate to their role in reducing membrane fusion
during cryopreservation.131 The pharmacologic effects of cryoprotective agents such as DMSO and
glycerol were reviewed by Shlafer.132 According to Mazur, cryoprotectants protect slowly frozen
cells by one or more of the following mechanisms: suppression of salt concentrations, reduction
of cell shrinkage at a given temperature, and reduction in the fraction of the solution frozen at a
given temperature.10 Cryoprotectants and their mechanisms of action have been the subject of a
number of useful reviews.14,17,20,133

FIGURE 8.2 Cell survival (viability: A and C and DNA content; B and D) after freezing and thawing with
varying concentrations of DMSO in either Unisol-CV (UHK-CV) or EuroCollins. Cells were frozen and
thawed as adherent populations in microtiter plates. Data was normalized to untreated cells and is the mean
(±SEM) of 12 replicates. (From Taylor, M.J., Campbell, L.H., Rutledge, R.N., and Brockbank, K.G.M. (2001):
Comparison of Unisol with EuroCollins solution as a vehicle solution for cryoprotectants. Transpl. Proc., 33:
677–679. With permission.)
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8.4.2 NATURAL CRYOPROTECTANTS

Through millions of years of evolution, nature has produced several families of proteins that may
have benefits during cryopreservation, which help animals and plants survive in cold climates.
These proteins are known collectively as antifreeze proteins (AFPs). AFPs have the ability to modify
ice structure, the fluid properties of solutions, and the response of organisms to harsh environments.
The antifreeze molecules are diverse in structure and, to date, four main types have been charac-
terized. The first to be discovered and best characterized are the antifreeze peptides and glycopro-
teins (AFPs) found in Antarctic fish and northern cod species. The natural AFPs found in polar
fish and certain terrestrial insects are believed to adsorb to ice by lattice-matching134 or by dipolar
interactions along certain axes135 of forming ice nuclei. By default, when temperature is lowered
sufficiently, growth occurs preferentially in the c-axis direction (perpendicular to the basal plane)
in a series of steps. This abnormal growth mode produces long ice needles, or spicules, that are
much more destructive to cells and tissues than normal ice.136 Regardless, these molecules confer
a survival advantage upon certain animals. These observations led to the hypothesis that naturally
occurring antifreeze molecules might be improved upon by synthesis of molecules that will either bind
to other ice nuclei domains or upon stable ice crystals. 

Conflicting results have been obtained by scientists following up on the proposal of Knight
and Duman that many of the problems associated with ice formation during cryopreservation might
be limited by the addition of naturally occurring AFP.135 However, the studies of Hansen et al.
demonstrated that AFP Type I inhibited ice recrystallization in the extracellular milieu of cells, but
increased ice crystal growth associated with the cells, and resulted in AFP concentration-dependent
cell losses compared to untreated control cultures.137 A major focus of our research for the past six
years has involved the identification of synthetic ice blockers (SIBs) that may combine with certain
naturally occurring antifreeze compounds and cryoprotectants to minimize ice damage during

TABLE 8.3
Chemicals with Demonstrated Cryoprotective Activity

Acetamide
Agarose
Alginate
Alanine
Albumin
Ammonium acetate
Butanediol
Chondroitin sulfate
Chloroform
Choline
Cyclohexanediols**

Dextrans*

Diethylene glycol
Dimethyl acetamide
Dimethyl formamide
Dimethyl sulfoxide*

Erythritol
Ethanol

Ethylene glycol*

Ethylene glycol
Monomethyl ether
Formamide
Glucose
Glycerol*

Glycerophosphate
Glyceryl monoacetate
Glycine
Hydroxyethyl starch*

Inositol
Lactose
Magnesium chloride
Magnesium sulfate
Maltose

Mannitol
Mannose
Methanol
Methoxy propanediol
Methyl acetamide
Methyl formamide
Methyl ureas
Methyl glucose
Methyl glycerol
Phenol
Pluronic polyols
Polyethylene glycol
Polyvinylpyrrolidone*

Proline
Propylene glycol*

Pyridine N-oxide
Ribose
Serine
Sodium bromide
Sodium chloride
Sodium iodide
Sodium nitrate
Sodium nitrite
Sodium sulfate
Sorbitol
Sucrose*

Trehalose
Triethylene glycol
Trimethylamine acetate
Urea
Valine
Xylose

* Chemicals that have conferred substantial cryoprotection in a wide variety of biological systems,
modified from Shlafer.132

** Synthetic ice blockers.6,225
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freezing or risk of ice formation during vitrification. The best SIBs we have identified to date are
1,3-cyclohexanediol and 1,4-cyclohexanediol (patent pending).6

In recent years, some of the challenges for cryopreservation of living tissues have been more
fully characterized and new approaches are under development for circumventing the problems
that have thus far limited the extrapolation of established principles and techniques for cells to
more complex tissues and organs. A synopsis of the state of the art of biopreservation of living
tissues utilizing cryopreservation methods follows.

8.4.3 CRYOPRESERVATION BY CONTROLLED FREEZING

Successful biopreservation by freezing is dependent on the optimization of several major factors.
Advances in the field of cryopreservation had been modest until Polge et al. discovered the
cryoprotective properties of glycerol.22 Subsequent research by Lovelock and Bishop showed that
dimethyl sulfoxide was also a cryoprotectant (CPA).138 The use of cryoprotectants during freezing
and thawing of biological materials has become established and many other cryoprotectants have
been identified. When cryoprotectants are used in extremely high concentrations, ice formation can
be eliminated during cooling to and warming from cryogenic temperatures. Under these conditions
the solution and tissue become vitrified; this is discussed further in a later section. In addition to
cryoprotectant selection several major variables must be considered in development of cryopreser-
vation methods (both freezing and vitrification approaches; Table 8.2).

A wide variety of isolated cells in suspension can be preserved using conventional cryopreser-
vation methods involving freezing. In such methods the cells are concentrated and vitrify in ice-
free channels between regions of extracellular ice. In general terms, each cell type has a freezing
“window” in which the change in temperature with time provides for optimal cell survival. This
proposed “window” is narrow at high temperatures and becomes increasingly wider as the temper-
ature decreases, suggesting that deviation from a given cooling rate at high temperatures may be
more critical to cell survival than deviations at low temperatures. Studies on the survival of various
mammalian cell types, frozen in glycerol or DMSO, both as single cell suspensions and in tissues,
frozen at a variety of rates suggest that optimal survival occurs at a cooling rate somewhere between
0.3°C and 10°C per minute.

The cell viability of cardiovascular tissues including veins, arteries, and heart valves can be
preserved by a number of cryopreservation freezing techniques. However, smooth muscle and
endothelial functions are usually impaired to varying degrees depending upon species, tissue type,
and preservation methods employed.1,141 Clinically the fundamental issue with cryopreserved car-
diovascular tissues, regardless of whether they are cryopreserved by freezing or vitrification, is that
they are allogeneic and there is an inevitable immune response unless immunosuppressive therapy
is employed. We have compared cryopreservation techniques in syngeneic and allogeneic rat models
and concluded that the changes observed in allogeneic heart valves are primarily due to immuno-
logical incompatibility of the graft and recipient, as previously suggested in rats142 and human
infants,143,144 not cryopreservation method.145 The immune response is not clinically significant for
the majority of cryopreserved allogeneic heart valves; however, cryopreserved small-diameter
vascular allografts typically have only short-term patency and this is probably a consequence of
immunogenicity. There has been considerable discussion of whether or not cell viability is needed
for allograft heart valves. The conclusion appears to be that viability correlates with “minimally
traumatized” tissue with the result that most allograft heart valves employed today retain viable
cells at the moment of implantation.

In marked contrast to cardiovascular tissue, studies using a variety of animal articular cartilage
models146–149and human cartilage biopsies150 have revealed no more than 20% chondrocyte viability
following conventional cryopreservation procedures employing either DMSO or glycerol as cryo-
protectants. Ohlendorf et al. used a bovine articular cartilage, osteochondral plug model to develop
a clinical cryopreservation protocol.147 This protocol employed slow-rate cooling and 8% DMSO
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as the cryoprotectant. They observed loss of viability in all chondrocytes except those in the most
superficial layer at the articular surface. Muldrew et al. previously investigated chondrocyte survival
in a similar sheep model.148 These researchers observed cells surviving post-cryopreservation 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, but cell survival posttransplantation was poor and again there was
significant loss of cells in the mid-portion of the graft.151 The reason for lack of cell survival deeper
than the superficial layers of articular cartilage is most likely multifactorial and related principally
to heat and mass transfer considerations.9 Surface cells freeze and thaw more rapidly than cells
located deep within the matrix. This phenomenon could result in a greater opportunity for ice to
form, both within cells and in the extracellular matrix, deeper within the articular cartilage.
Furthermore, typically employed concentrations of DMSO (8–20%) may not penetrate adequately
to limit intracellular ice formation. Recent data from Jomha et al. demonstrated that increasing
DMSO concentrations to 6 M can result in higher overall cell survival (40%) after cryopreserva-
tion.152 These observations suggest that use of higher DMSO concentrations results in better
penetration of the DMSO into the cartilage.

We are aware that other factors, in addition to ice formation, may have biological consequences
during freezing procedures. Two of these factors are the inhibitory effects of low temperatures on
chemical and physical processes, and, perhaps more importantly, the physiochemical effects of
rising solute concentrations as the volume of liquid water decreases during crystallization. This
latter process results in a decrease in cell volume and the risk of solute precipitation. Several
hypotheses have been published on mechanisms of freezing-induced injury based upon such
factors,9,17 but our own experiences with mammalian tissues concur with others that the principal
disadvantage of conventional cryopreservation revolve primarily around ice formation.3,15,16,153–156

8.4.4 CRYOPRESERVATION BY AVOIDANCE OF ICE FORMATION — VITRIFICATION

It is now generally accepted that extracellular ice formation presents a major hazard for biopreser-
vation by freezing of multicellular tissues. This has led to a major focus during the last decade on
the development of low-temperature preservation techniques that avoid ice crystallization and ipso
facto circumvent the associated problems. The evidence for the damaging role of ice in tissue
cryopreservation has been previously reported.2,3,6,15,155,157,158

Prevention of freezing by vitrification means that the water in a tissue remains unfrozen in a
noncrystalline state during cooling. Vitrification is the solidification of a liquid without crystalli-
zation. As cooling proceeds, however, the molecular motions in the liquid permeating the tissue
decrease. Eventually, an “arrested liquid” state known as a glass is achieved. It is this conversion
of a liquid into a glass that is called vitrification (derived from vitri, the Greek word for glass). A
glass is a liquid that is too cold or viscous to flow. A vitrified liquid is essentially a liquid in
molecular stasis. Vitrification does not have any of the biologically damaging effects associated
with freezing because no appreciable degradation occurs over time in living matter trapped within
a vitreous matrix. Vitrification has been shown to provide effective preservation for a number of
cells, including monocytes, ova, and early embryos and pancreatic islets.159–162 Vitrification is
potentially applicable to all biological systems.

Vitrification preservation procedures are very similar to those employed for freezing tissues.
Generally speaking, the cryoprotectants are added in stepwise or gradient manner on ice. In some
cases, due to risks of toxicity, lower temperatures may be employed for the final higher CPA
concentrations. The cooling rates employed are typically as fast as can be achieved for the tissue
in question to temperatures around –100°C and then more slowly to the final vapor phase nitrogen
storage temperature between –135°C and –160°C. Warming is performed in a similar manner,
slowly to –100°C and then rapidly to 0°C. Rapid cooling and warming in our laboratory is usually
performed by immersion in either chilled alcohol (–100°C) or warm water baths (4°C or 37°C).
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Microwave warming has been attempted but has never been successful using conventional devices
due to the uneven warming of specimens and problems with thermal runaway, which results in
heat-denatured tissues. In 1990, Ruggera and Fahy reported success in warming test solutions at
rates of up to about 200°C/min using a novel technology based on electromagnetic techniques
(essentially microwave heating).163 Unfortunately, unpublished results indicate that this method is
also problematic due to the uneven warming of specimens and problems associated with thermal
runaway. Others have taken a systematic approach to develop a dielectric heating device to achieve
uniform and high rates of temperature change.164,165 This has been achieved in some preliminary
model systems but application of this warming technology with survival of cells has yet to be
reported.

Vitrification and freezing (water crystallization) are not mutually exclusive processes; the
crystalline phase and vitreous phase often coexist within a system. In fact part of the system vitrifies
during conventional cryopreservation involving controlled freezing of cells. This occurs because
during freezing the concentration of solutes in the unfrozen phase increases progressively until the
point is reached when the residual solution is sufficiently concentrated to vitrify in the presence of
ice. Conventional cryopreservation techniques by freezing are optimized by designing protocols
that avoid intracellular freezing. Under these cooling conditions the cell contents actually vitrify
due to the combined processes of dehydration, cooling, and the promotion of vitrification by
intracellular macromolecules. Phase diagrams have proved to be a useful tool in understanding the
physicochemical relationship between temperature, concentration, and change of phase. For detailed
discussion of the role and interpretation of solid-liquid state diagrams in relation to low-temperature
biology, please refer to a previous review.21 In particular, supplemented phase diagrams that combine
nonequilibrium data on conventional equilibrium phase diagrams serve to depict the important
transitions inherent in cooling and warming aqueous solutions of cryoprotective solutes. 6,21

The term vitrification is generally used to refer to a process in which the objective is to vitrify
the whole system from the outset such that any ice formation (intracellular and extracellular) is
avoided.166–171 In cryopreservation by vitrification dehydration occurs by chemical substitution
alone, while in cryopreservation by freezing dehydration occurs by both osmotic dehydration and
chemical substitution. In the former case the cells appear normal, while in the latter case the cells
appear shrunken (Figure 8.3).

Stability of the vitreous state is critical for the retention of vitrified tissue integrity and viability.
Comprehensive studies of vitreous stability for a variety of potentially important cryoprotective
mixtures have been made.172 Glass stability of vitrified blood vessel samples stored in vapor phase
liquid nitrogen storage with retention of smooth muscle function has been demonstrated up to 4
months of storage.173 The stability of glasses formed from aqueous solutions of 1,2-propanediol
are much greater, for the same water contents, than for all other solutions of commonly used
cryoprotectants including glycerol, dimethyl sulfoxide (DMSO), and ethylene glycol. Unfortunately,
solutions of polyalcoholic cryoprotectants (CPAs) such as propanediol and butanediol that show
the most promise in terms of cooling rates and concentrations necessary for vitrification, also
required unrealistically high heating rates to avoid devitrification during rewarming. Moreover, due
principally to isomeric impurities that form a hydrate at reduced temperatures, 2,3-butanediol has
proved to have an unanticipated biological toxicity at concentrations below that necessary for
vitrification.174–177

Advances in biostabilization require process development for optimization of chemical and
thermal treatments to achieve maximal survival and stability. At this time the consensus opinion is
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. In contrast, other tissues in which the cells do not function in
an organized manner or in which the extracellular matrix water is not highly organized are well
preserved by traditional cryopreservation by freezing methods (i.e., heart valves and skin). Our
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laboratory has developed a cryopreservation approach using vitrification, which thus far has dem-
onstrated >80% preservation of smooth muscle cell viability and function in cardiovascular
grafts16,153 and similar levels of chondrocyte survival in articular cartilage.6,178–181 In addition to in
vitro studies of cardiovascular tissues, transplant studies have been performed that demonstrate
normal in vivo behavior of vitrified cardiovascular and cartilaginous tissues. Most recently, this
technology has been successfully applied to tissue-engineered blood vessels182 and encapsulated
cells described below.183,184

Avoidance of ice by vitrification has been achieved by cooling highly concentrated solutions
(typically >50% w/w) that become sufficiently viscous at low temperatures to suppress crystalli-
zation rates. The original formulation and method was licensed from the American Red Cross,
where it was developed for organ preservation.154,167 However, even though rabbit kidneys were
successfully vitrified, they could not be rewarmed with significant retention of function. Viability
was lost due to ice formation during the rewarming process. The rewarming of vitrified materials
requires careful selection of heating rates sufficient to prevent significant thermal cracking, devit-
rification, and recrystallization during heating. The use of carefully designed warming protocols is
necessary to maximize product viability and structural integrity. Vitrified materials, which may
contain appreciable thermal stresses developed during cooling, may require an initial slow warming
step to relieve residual thermal stresses (see Chapter 13). Dwell times in heating profiles above the
glass transition should be brief to minimize the potential for devitrification and recrystallization
phenomena. Rapid warming through these temperature regimes generally minimizes prominent
effects of any ice crystal damage. It is presently not possible to rewarm organs rapidly enough due
to their high volume relative to the volume of tissues. Development of optimum vitrification
solutions requires selection of compounds with glass-forming tendencies and tolerable levels of
cytotoxicity at the concentrations required to achieve vitrification. Due to the high total solute
concentration within the solution, stepwise protocols are commonly employed at low temperatures
for both the addition and removal of cryoprotectants to limit excessive cell volume excursions and
lower the risk of cytotoxicity. For a current comprehensive review of vitrification see Taylor et al.6

Despite developments to devise solutions that would vitrify at practically attainable cooling
rates for sizeable biological tissues, the corresponding critical warming rate necessary to avoid
devitrification remains a critical challenge. Conceptually, elevated pressures,185 electromagnetic
heating,163–165 the use of naturally occurring antifreeze molecules,186 and synthetic ice blockers6

have been proposed as means to tackle the problem.

8.4.5 VITRIFICATION VERSUS FREEZING

We are often asked how we make the decision to use a vitrification approach rather than a freezing
method for a particular tissue. The answer is usually a combination of method efficacy, based upon
our experience and the literature with respect to the specific tissue, and ease of use or cost.

An excellent example of efficacy is conventional cryopreservation of articular cartilage
by means of freezing, which typically results in death of 80–100% of the chondrocytes plus
extracellular matrix damage due to ice formation. These detrimental effects are major obstacles
preventing successful clinical use of osteochondral allografts147,150,187 and commercial success of
tissue-engineered cartilage constructs. Cryosubstitution studies of frozen and vitrified articular
cartilage plugs revealed negligible ice in vitrified specimens and extensive ice formation throughout
frozen specimens.180 Transplantation studies in rabbits demonstrated that vitrified cartilage perfor-
mance was not significantly different to fresh untreated cartilage. In contrast, frozen cartilage
performance was significantly different when compared to either fresh or vitrified cartilage.179 These
studies combine to demonstrate that the vitrification process results in ice-free preservation of rabbit
articular cartilage plugs and that about 85% of cellular metabolic activity is retained following
rewarming. In contrast, frozen tissues contained ice within the cells and the matrix, with the
exception of the articular surface, where some viable cells were observed. In our experience
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FIGURE 8.3 Light microscopy of cryosubstituted frozen (A, C, E) or vitrified (B, D, F) specimens from a
variety of natural tissues: Jugular vein (A, B); articular cartilage (C, D) and heart valve leaflet (E, F).
Cryosubstitution is a process whereby the location and size of the domains occupied by ice in the cryopreserved
tissue are revealed and appear as white spaces in the tissue section (see Brockbank, K.G.M., Lightfoot, F.G.,
Song, Y C., and Taylor, M.J. (2000): Interstitial ice formation in cryopreserved homografts: A possible cause
of tissue deterioration and calcification in vivo. J. Heart Valve Dis., 9:(2) 200–206). Extensive ice formation
is present in the frozen veins (A), cartilage (C) and heart valve leaflet (E). In contrast, the respective vitrified
specimens (B, D and F) appear to be free of ice and retain a more normal, undistorted morphology.

Jugular Vein (40x)

Cartilage (100x)

Heart Valve Leaflet (20x)
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vitrification has been superior to freezing for rabbit cartilage plugs, porcine cartilage plugs, and
human biopsy specimens (unpublished data). That does not mean that effective freezing methods
can’t be developed, just that no one has come close to date.

In cardiovascular tissues the decision to use a vitrification method over freezing is not as clear
cut. Both approaches to cryopreservation result in high cell viability, but in our experience smooth
muscle and endothelial functions are better preserved by vitrification than freezing. At this time
we hypothesize that this is due to prevention of extracellular ice damage to tissue matrix. We fully
agree with criticism that we have compared vitrification with freezing methods that may be improved
upon; however, we would also point out that both the vitrification and the freezing methods that
we have employed may be improved by further research. We have primarily employed freezing
protocols derived by extensive research and in clinical practice for allografts in the United States.
In the case of cardiovascular allografts the use of vitrification techniques may have cost benefits
because there is no need for control-rate freezers. However, regardless of whether vitrification or
freezing is employed, the tissue is still allogeneic with respect to the potential recipient and there
is no reason to anticipate that vitrification will reduce immunogenicity. The research that we have
performed on vitrification of cardiovascular tissues was intended for tissue-engineered cellular
constructs; however, when the work was initiated there were no constructs available so we employed
autologous and allogeneic tissue models. There are still no tissue-engineered cellular constructs
approved for human use, but there are several well-established experimental models. We have
compared the published vitrification and freezing procedures for two experimental vascular graft
models based upon collagen or polyglycolic acid matrixes combined with smooth muscle cells.
The results reflect our earlier results with rabbit jugular vein segments: cell viability was well
preserved by both freezing and vitrification methods. However, in the graft model capable of
developing detectable contractile forces in response to various drugs, the polyglycolic acid con-
struct, smooth muscle function was significantly better preserved by vitrification than freezing (see
Figure 8.4).182 

In many small tissue structures (such as tissue organoids, cell aggregates, or encapsulated cells)
it is anticipated that optimized freezing and vitrification procedures will provide similar levels of
cell viability and tissue functions. We are finding that cryopreservation by freezing and vitrification
methods may be equally effective in preservation of small pieces of tissue. The question is often which
method is easiest and most consistent. We recently performed cryopreservation studies on rat embryo
metanephroi (embryonic kidneys).188 One potential solution to xenotransplantation immunological
complications is the transplantation of embryonic kidneys whose blood supply is not yet fully devel-
oped. The metanephroi (MN) may be less immunogenic in comparison to their adult counterparts, at
least in part due to the fact that post transplantation their vascular supply is derived from the host.189

It has been shown that MN from E15 Lewis rat embryos that are transplanted into the omentum of
adult C57BI/6J mice receiving costimulatory blockade undergo growth and differentiation.189 Also, the
E28 pig MN growth and development occurs post-transplantation across an allogeneic or highly
disparate xenogeneic barrier with costimulatory blockage.190 For such a therapy to be commercially
viable, long-term storage of embryonic kidneys is crucial. In these studies the effects of controlled-
rate freezing and ice-free vitrification on MN viability were investigated. Metanephroi were isolated
from 15-day (E15) timed pregnant Lewis rats and either (1) control-rate frozen at –0.3°C/min in a
DMSO formulation or (2) vitrified in VS55. The MN were then stored at –135ºC for 48 h. After storage
the MN were rewarmed, placed in culture media, and their viability was assessed using the alamar
Blue assay and histology (light microscopy, TEM, and cryosubstitution). There were no statistical
differences in embryonic kidney metabolic activity of either of the cryopreserved MN groups relative
to the untreated control group. Cryosubstitution demonstrated the presence of significant ice formation
during controlled-rate freezing (see Figure 8.5). This was confirmed by TEM, where vacuolation of
the cytoplasm of control-rate frozen MN was observed. In contrast, no ice was observed in vitrified
MN and there was very little cytoplasmic disruption. However, vitrified MN showed mitochondrial
and nuclear injury suggestive of CPA cytotoxicity. This injury was not observed in frozen MN, nor
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FIGURE 8.4 Cryosubstitution of tissue-engineered blood vessels (TEBV) at –90°C. Low-power micrographs
of frozen TEBV (left panels C, E ) reveal the noticeable distortion of the tissue structure by the prevalent ice
domains (white spaces) of variable size scattered throughout the extracellular matrix of the vessel wall. The
tissue matrix appears shrunken and sandwiched between the ice crystals. In contrast, the vitrified specimens
(D,F ) appear to be ice-free with a morphology that resembles the normal structure of these engineered
constructs (A, B are control non-cryopreserved specimens). These constructs comprise vascular smooth muscle
and endothelial cells on highly porous, degradable polyglycolic acid (PGA; arrows) scaffolds.

Control fresh TEBV (100x)

Cryosubstituted TEBV (20x)

Cryosubstituted TEBV (40x)

A B

C D

E F

PGA

PGA
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have we observed similar changes in other vitrified tissues. The effects of vitrification solution formu-
lation, concentration, exposure time, and loading steps on embryonic kidney viability need to be
evaluated in future studies.

8.4.6 MICROENCAPSULATED CELLS AS PSEUDO-TISSUES

Another example is in the development of cryopreservation protocols for microencapsulated cells.
Microcapsules are particularly prone to cryodamage using freezing by cryopreservation methods.
Since 1991 studies of microcapsule cryopreservation by freezing employing a variety of cell types
have accumulated.184,191–201 Excellent cell viability was obtained in many cases, but capsule integrity
is another issue (Table 8.4). 

Viability is excellent following preservation in alginate microcapsules. Algae-derived
polysaccharides, such as agarose and alginate, are a novel class of nonpermeating (with respect to
the cell) cryoprotectants.191 These polysaccharides had no cryoprotective abilities when used alone,
but resulted in enhanced viability when mixed with known penetrating cryoprotectants (such as
DMSO). Ice formation in slow-rate, DMSO-protected frozen microcapsules containing insulin-
secreting βTC3 cells was demonstrated using cryosubstitution at –90°C and fixation, a method that

FIGURE 8.5 Light microscopy images of cryosubstituted frozen and vitrified 15-day rat metanephroi (mag-
nification 40X and 100X).  The controlled-rate frozen metanephroi show the presence of ice crystals (white
spaces) in the extracellular matrix as a result of the cryopreservation method. By contrast, the cryosubstituted
vitrified specimen is devoid of large ice domains and illustrate normal tissue morphology. Toluidine Blue was
used for resin-embedded tissue section staining. 

Metanephroi (40x)

100x
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permits visualization of ice.184 In this same study vitrification resulted in freedom from ice (see
Figure 8.6).184 Vitrified insulin-secreting βTC3 cells had significantly better viability (metabolic
activity) and function (insulin release) than frozen insulin-secreting βTC3 cells.184 

Very little investigation of cryopreservation variables has been performed for microencapsulated
cells. Most studies have used low-rate cooling with 5–20% DMSO and storage in liquid nitrogen.
Single studies have compared cryopreservation with and without nucleation control,192 duration of
DMSO incubation prior to cryopreservation,193 and cooling rates with several cryoprotectant for-
mulations.194 The outcome of the DMSO incubation study indicated that a 5-h incubation was
required for optimum cell survival. This was curious since we have found that DMSO equilibrates
in alginate capsules in 2–3 min (unpublished data). Nucleation was required for optimum cell
survival as we would anticipate for an effective freezing cryopreservation method for either isolated
cells or tissues. The most in-depth study was performed by Heng et al.194 In this study rapid cooling
cryopreservation protocols with high DMSO concentrations (3.5 M, 25% v/v) resulted in low post-
thaw cell viability (<10%), which did not improve with higher concentrations (4.5 M, 32% v/v)
and longer exposure to DMSO, even though the majority of microcapsules (60–80%) remained
intact. Subsequent investigations of slow cooling with a range of DMSO and EG concentrations
resulted in a much higher post-thaw cell viability (80–85%), with ~60% of the microcapsules
remaining intact when DMSO was used at a concentration of 2.8 M (20% v/v) and EG at a
concentration of 2.7 M (15% v/v). The presence of 0.25 M sucrose significantly improved post-
thaw cell viability upon slow cooling with 2.8 M (20% v/v) DMSO, although it had no effect on
microcapsule integrity. Multistep exposure and removal of sucrose did not significantly improve
either post-thaw cell viability or microcapsule integrity, compared to a single-step protocol. Ficoll
20% (w/v) also did not significantly improve post-thaw cell viability and microcapsule integrity.194

There have been two reports on vitrification of microencapsulated cells, including our paper on
microencapsulated insulin producing TC3 cells.184 Vitrified encapsulated cells demonstrated no

TABLE 8.4
Capsule or Cell Cryodamage Induced with Cryopreservation by Freezing

Cell Type Capsule Composition Outcome Reference

Hepatocytes Collagen matrix enveloped by sodium 
alginate-poly L-lysine-sodium alginate 
membrane

Some cryo-samples broke down in vivo 
resulting in inflammatory reaction, poor 
long-term storage stability.

198

Hepatocytes Sodium alginate Fraction (>10%) of capsules broken. 197

Pancreatic islets Sodium alginate with a poly L-lysine 
membrane and a further treatment with 
sodium alginate

No mention of capsule damage; however, 
the cell viability was low and the authors 
concluded that further cryopreservation 
method development was needed.

192

Hepatocytes Sodium alginate, cellulose sulphate, and 
poly (methylene-co-guanidine) 
hydrochloride

A small percentage of capsules (number 
not given) were broken, good long-term 
storage stability.

195

Hepatocytes Sodium alginate, cellulose sulphate, and 
poly (methylene-co-guanidine) 
hydrochloride

A small percentage of capsules (number 
not given) were broken.

196

Adipocytes Sodium alginate Capsules were deformed. 196

Kidney cells Anionic Ter-polymer (composed of 
methylacrylic acid, 2-hydroxyethyl 
methylmethacrylate, and methyl 
methacrylate) with cationic collagen

~40% loss of capsule integrity with best 
viability retention.

194
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significant difference between fresh and vitrified specimens and no ice was observed in the vitrified
specimens. Kuleshova et al. investigated vitrification of encapsulated hepatocytes employing 40%
ethylene glycol and 0.6 M sucrose.202 They employed a modification of vitrification approaches
employed for embryos and oocytes that employs straws for handling and storage combined with
a capsule made from Ter-polymer and collagen as previously described.194 These studies combine
to demonstrate that both freezing and vitrification procedures for cryopreservation of microencap-
sulated cells are feasible.

However, as the scale of the tissue increases, vitrification procedures excel and levels of tissue
functions and/or cell survival previously not achieved with freezing procedures are achieved (dis-
cussed in earlier sections). Conceptually, cryopreservation of tissues by vitrification offers several

FIGURE 8.6 Morphology of frozen and vitrified pancreatic substitute beads. The beads comprise insulin-
secreting _TC3 cells encapsulated in calcium alginate/poly-L-lysine/alginate. Beads frozen using a conven-
tional controlled-rate (1°C/min) protocol with 1 M dimethyl sulfoxide show considerable ice formation
throughout the construct (white spaces A, C). In contrast, beads vitrified with VS55 appear to be ice-free (B,
D). At higher magnification it is seen that the encapsulated cells are shrunken and compressed within the
frozen matrix (arrows) compared with the more normal morphology of the cells embedded in the vitrified
matrix (D).

Tissue Engineered Pancreas Beads
20x

100x

A B

C D
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important advantages compared with procedures that allow or require ice formation. Complete
vitrification eliminates concerns for the known damaging effects of intra- and extracellular ice
crystallization. Furthermore, tissues cryopreserved by vitrification are exposed to less concentrated
solutions of cryoprotectants for shorter time periods. For example, Rall has calculated that for
embryos, during a typical cryopreservation protocol involving slow freezing to –40ºC or –70ºC,
the cells are exposed to cryoprotectant concentrations of 21.5 and 37.6 osmolal respectively.169 In
contrast, cells dehydrated in vitrification solutions are exposed for much shorter periods to
<18 osmolal solution, although the temperature of exposure is higher. Finally, unlike conventional
cryopreservation procedures that employ freezing, vitrification does not require controlled cooling
and warming at optimum rates. A principal benefit of vitrification is the elimination of requisite
studies to determine optimal cooling rates for tissues with multiple cell types. Successful vitrifica-
tion requires that the thermal processing be rapid enough to transition regions of maximal ice
crystal nucleation and growth that occur above the glass transition temperature of the solution.
Thus, it is only necessary to cool solutions at rates in which a negligible fraction of the solution
forms ice (typically < 0.2%).172 Vitrified materials have a similar rate requirement during heating,
when samples are rewarmed for subsequent use, to limit ice formation to negligible levels (typically
<0.5%).203

8.4.7 APPLICATIONS TO TISSUE-ENGINEERED PRODUCTS

There are significant challenges for deployment of both preservation methods for tissue-engineered
medical products. Vitrification approaches to preservation have some of the limitations associated
with conventional freezing approaches. First, both approaches require low-temperature storage and
transportation conditions. Neither can be stored above their glass transition temperature for long
without significant risk of product damage due to inherent instabilities leading to ice formation and
growth. Both approaches employ cryoprotectants with their attendant problems and require com-
petent technical support during rewarming and cryoprotectant elution phases. The high concentra-
tions of cryoprotectants necessary to facilitate vitrification are potentially toxic because the cells
may be exposed to these high concentrations at higher temperatures than in freezing methods of
cryopreservation. Cryoprotectants can kill cells by direct chemical toxicity, or indirectly by osmot-
ically induced stresses during suboptimal addition or removal. Upon completion of warming, the
cells should not be exposed to temperatures above 0°C for more than a few minutes before the
glass-forming cryoprotectants are removed. It is possible to employ vitrified products in highly
controlled environments, such as a commercial manufacturing facility or an operating theater, but
not in a doctor’s outpatient office or in third-world environments. The cryoprotectants employed
for vitrification, in contrast to DMSO or glycerol for freezing, are less well known for preservation
applications outside low-temperature biology circles. In particular, formamide, one of the compo-
nents of the 55% (v/v) vitrification solution consisting of 3.10 M DMSO, 3.10 M formamide and
2.21 M 1,2-propanediol in EuroCollins solution at 4°C16,153 (known as VS55), is a known mutagen.
Alternatives to formamide with fewer safety risks and potentially easier clinical acceptance are
being sought. However, the cytotoxicity of complex cryoprotectant formulations containing forma-
mide is surprisingly much less than the cytotoxicity of single component formulations at the same
concentrations.204

Storage and shipping temperatures also have a major impact on maintenance of product quality
and can result in cell death mediated by ice formation. Degradative processes occur at temperatures
warmer than the freezing solution’s glass transition temperature (approximately –125°C). Even
cells in heart valve leaflets that are frozen slowly can be negatively affected by storage at temper-
atures warmer than –100°C.205 It is anticipated that synthetic ice blocker molecules, such as the
cyclohexanediols, will be effective in prevention of recrystallization and allow storage of frozen
biological materials for longer periods at warmer subzero temperatures. Ice blockers will also allow
vitrification at lower, less cytotoxic CPA concentrations. This improved storage capability
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will facilitate longer shipping times, less expensive shipping methods, and larger cryopreserved
specimens.

It is well established that storage and shipping temperatures have a major impact on maintenance
of product quality and can result in cell death via ice formation. If storage temperature is sufficiently
low (below the glass transition point of the freezing solution [approximately –135°C to –95°C]),
little, if any, change occurs in biological materials.14,17 Human heart valve leaflets demonstrate
retention of protein synthetic capabilities for at least two years of storage below –135°C.205 Deg-
radative processes may occur at and above the solution’s glass transition temperature. For example,
it has been shown that cells in cryopreserved human heart valve leaflets are negatively affected by
storage at temperatures warmer than –100°C.205

One of the major issues for both frozen and vitrified storage of product relates to mechanical
forces generated by cooling and warming conditions. Immersion of frozen human valves directly
into liquid nitrogen for as little as 5 min may result in tissue fractures.206 This problem came to light
when a hospital-based frozen valve storage system overfilled during an automatic refill cycle. Valves
from this accident were discovered to have numerous full-thickness fractures of the valve conduit
following normal thawing procedures in the operating room.207 Adam et al. reproduced this phenomenon
experimentally.206 The rationale for development of fractures appears to relate to abrupt changes in the
physical properties of the solidified tissue matrix. Kroener and Luyet  described abrupt temperature-
dependent changes in aqueous glycerol solutions.208 Subsequently they reported209 that the formation
and the disappearance of cracks depended on the interaction of several factors, in particular the
mechanical properties of the material, the concentration of solute, the temperature gradients, the overall
temperature, and the rate of temperature change. Studies of frozen biological materials have also
supported the presence of mechanical forces in cryopreserved tissues.210,211

Heat transfer issues are the primary hurdle for scaling up the successes in tissues to larger
organs. The limits of heat and mass transfer in bulky systems result in nonuniform cooling and
contribute to stresses that may initiate cracking. In fact, the higher cooling rates that facilitate
vitrification may lead to higher mechanical stresses. Very little information on the material properties
of vitreous aqueous solutions exists. Material properties such as thermal conductivity and fracture
strength of vitreous aqueous solutions have many similarities with their inorganic analogues that
exist at normal temperatures, e.g., window glass and ceramics. Any material that is unrestrained
will undergo a change in size (thermal strain) when subjected to a change in temperature. Calcu-
lations of stress in frozen biological tissues have shown that thermal stress can easily reach the
yield strength of the frozen tissue resulting in plastic deformations or fractures.212–214 We need a
much better understanding of mechanical stresses during vitrification and freezing if we are to
effectively proceed from long-term biopreservation of simple tissue structures to complex organs
in the future (see Chapter 13). 

8.5 ISSUES FOR THE FUTURE

In this overview of biopreservation we have indicated several areas where further research is urgently
required, including sterilization methods for allogeneic tissues that permit retention of cell viability,
less toxic CPA formulations, better warming methods for large cryopreserved specimens, and the
need for a better understanding of the mechanical forces generated by cryopreservation. There are
two other topics that we believe should be mentioned in closing that could have a major impact
on biopreservation in the future. The first is the development of methods for the intracellular delivery
of disaccharide cryoprotectants that are too large to permeate mammalian cell membranes. Success
in this area promises new relatively noncytotoxic methods of cell and tissue cryopreservation and
leads directly to the second topic of new biopreservation technologies based upon desiccation and
freeze drying strategies.7,8,215,216

Both conventional freezing and vitrification approaches to preservation have limitations. First,
both of these technologies require low-temperature storage and transportation conditions. Neither
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can be stored above their glass transition for long without significant risk of product damage due
to ice formation and growth. Both technologies require competent technical support during the
rewarming and CPA elution phase prior to product utilization. This is possible in a high-technology
surgical operating theater but not in a doctor’s outpatient office or in third-world environments. In
contrast, theoretically, a dry product would have none of these issues because it should be stable
at room temperature and rehydration should be feasible in a sterile packaging system.

Drying and vitrification have previously been combined for matrix preservation of cardiovas-
cular and skin tissues but not for live cell preservation in tissues or engineered products. However,
nature has developed a wide variety of organisms and animals that tolerate dehydration stress by
a spectrum of physiological and genetic adaptation mechanisms. Among these adaptive processes,
the accumulation of large amounts of disaccharides, especially trehalose and sucrose, are especially
noteworthy in almost all anhydrobiotic organisms including plant seeds, bacteria, insects, yeast,
brine shrimp, fungi and their spores, cysts of certain crustaceans, and some soil-dwelling ani-
mals.216,–218 The protective effects of trehalose and sucrose may be classified under two general
mechanisms: (1) “the water replacement hypothesis” or stabilization of biological membranes and
proteins by direct interaction of sugars with polar residues through hydrogen bonding, and (2)
stable glass formation (vitrification) by sugars in the dry state.

The stabilizing effect of these sugars has also been shown in a number of model systems,
including liposomes, membranes, viral particles, and proteins during dry storage at ambient tem-
peratures.215,219,220 On the other hand, the use of these sugars in mammalian cells has been somewhat
limited, mainly because mammalian cell membranes are impermeable to disaccharides or larger
sugars. Recently, a novel genetically modified pore former has been used to reversibly permeabilize
mammalian cells to sugars with significant postcryopreservation and, to a lesser extent, drying cell
survival.221 Such permeation technologies, which may also include use of pressure or electropora-
tion, may provide some of the most likely opportunities for preservation of tissues in the five- to
ten-year vision, either by permitting cryopreservation with nontoxic cryoprotectants or drying.
Several methods have been developed for loading of sugars in living cells.7 Introduction of trehalose
into human pancreatic islet cells during a cell membrane thermotropic lipid-phase transition, prior
to freezing in the presence of a mixture of 2 M DMSO and trehalose, has resulted in good cell
survival rates.222 We have found that prolonged cell culture in the presence of trehalose results in
significant increases in postcryopreservation cell survival (patent pending).223 Human fibroblast
transfection with E. coli genes expressing trehalose resulted in retention of viability after drying
for up to five days.224 However, it should be noted that most organisms that reach a dried state
during dormancy and drought, do so by air drying (not freeze drying), which suggests this may be
innocuous to cells under certain conditions. Further, studies of anhydrobiotic organisms may also
suggest methods for conditioning mammalian cells for storage by either cryopreservation or drying
in the tissue-engineered products of the future.

8.6 CONCLUDING COMMENTS

The emerging fields of tissue engineering and regenerative medicine for living cell-based therapies
embody a wide variety of enabling technologies that include the need for effective methods of
preservation. Despite significant advances in many of these technologies, it is generally regarded
that the basic knowledge and practical know-how needed for the storage of living tissues and
complex tissue constructs lags significantly behind. This is reflected by the four key areas of research
identified by the US National Institute of Standards and Technology (NIST) in its request for
research proposals (1997). These four research areas are automation and scale up, sterilization,
product storage, and transportation of product in which substantial technical innovation is required
for the development of manufacturing processes (NIST Advanced Technologies Program Request
for Proposals — 1997). Concerns for the issues relating to the transition from the laboratory to the
market include the major problem of preservation and storage of living biomaterials. Manufacturers
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and/or distributors recognize the need for maintaining stocks of their products to ensure a steady
supply, while the unpredictable clinical demand for specific tissues will necessitate the creation of
tissue banks at medical centers. Methods of preservation are crucial for both the source of cells
and the final tissue constructs or implantation devices. Tissue preservation technology involves both
hypothermic (above freezing) methods for short-term storage, and cryopreservation for long-term
banking. Both approaches call for consideration of the cell in relation to its environment and as
interventionalists we can control or manipulate that environment to effect an optimized protocol
for a given cell or tissue.

In conclusion, tissue preservation as it exists today has been developed empirically and basic
research on fundamentals of biopreservation has had restricted impact on the field to this point. In
the near future vitrification methods will get a lot more attention, particularly for tissue-engineered
products in which immunogenicity is not an issue. In contrast, for allografts, unless the tissue is
immuno-privileged, it is unlikely that vitrification will result in significant differences in clinical
outcomes. There are, however, two basic research areas that we believe may have a significant
impact on tissue preservation in the future. Both are based on lessons we are still learning from
nature, namely strategies by which living organisms deal with the environmental temperature
extremes to which they are exposed. Through evolution, nature has produced several families of
proteins that help animals (e.g., fish and insects) and plants survive cold climates. These observations
led to the hypothesis that naturally occurring antifreeze molecules might be improved upon by
synthesis of molecules that will either bind to other ice nuclei domains or upon stable ice crystals.
Other organisms naturally accumulate antifreeze compounds such as sucrose and trehalose. Creative
methods are required for placement of these compounds within mammalian cells,7 followed by the
development of effective preservation strategies.
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9.1 INTRODUCTION

 

The ability to preserve organs outside the body has played a major role in the development of
transplant services worldwide over the last 4 decades. Indeed, although the recognition and control
of immune responses elicited by the allograft reaction have been central to the success of transplant
therapies, equal recognition must be given to preservation technologies that have permitted the
retrieval and transport of organs between hospitals in different cities and sometimes in different
countries. As stated by Calne and colleagues in the opening line of their report in 1963, “Ischaemic
renal damage is extremely important to those interested in cadaveric kidney transplantation and
has probably been responsible for more failures than immunological reactions.”

 

1

 

 Without the
development of modern preservation protocols, organ transplantation would have remained a very
esoteric and infrequent operation. This chapter reviews the history and development of organ
preservation, the current status of protocols used in the major transplantable organs, and future
avenues that may be pursued.
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9.2 HISTORY OF ORGAN TRANSPLANTATION

 

The scientific challenge of maintaining a functioning organ outside the body has a long history
and has been inextricably linked with the expansion of physiology and medicine in the 19th and
20th centuries. An understanding of the essential support provided by the circulatory system fueled
attempts to perfuse 

 

in vitro

 

 organs such as the kidney

 

2

 

 and liver

 

3

 

 by simple syringe methods, whereas
the development of more sophisticated perfusion circuits using artificial pumps allowed detailed
physiology of organ function to be studied outside the body.

 

4

 

 In parallel, investigators started to
formulate synthetic perfusates-electrolyte solutions capable of replacing blood, at least in some
respects.

 

5,6

 

 By the 1930s, sufficient significant progress had been made to permit Carrel and
Lindbergh to study a range of organs 

 

in vitro

 

, including kidney, heart, lung, spleen, thyroid, ovary,
and fallopian tube at normal body temperatures for several days.

 

7

 

 Despite this success, these pioneers
recognized the limitations of their systems to maintain organ viability without associated perfusion
damage (resulting from the inability to completely mimic all the essential support provided by the

 

in vivo 

 

circulatory system), most often indicated by increasing edema (now known to result from
failing microcirculation) and associated hypoxic damage. Thus, an additional safety net for the
maintenance of organ viability was sought; this solution proved to be the application of hypothermia.

Although sporadic attempts had been made to transplant organs using microsurgical techniques
throughout the early part of the 20th century, it was not until the 1950s that consistent operative
success was achieved by Hume and colleagues, most frequently in the kidney.

 

8

 

 These authors
themselves commented on the problems of ischaemic damage to the grafted kidneys and on the
negative effect this damage had on postoperative renal function. In the same period, there were
coincident reports about the effects of cooling on renal physiology,

 

9

 

 and others on the protection
provided by hypothermia and afforded to kidneys 

 

in vivo

 

 during ischemia.

 

10

 

 Thus, there were many
logical reasons for using hypothermia in organ preservation 

 

in vitro

 

, and these reasons were applied
by Calne et al. to demonstrate that protection of function to the grafted kidney could be achieved.

 

1

 

These authors investigated the relative merits of cooling kidneys by simple surface cooling or by
perfusion of the renal artery with cooled heparinized blood

 

11

 

 and concluded that vascular perfusion
was more efficient. From these and other early studies,

 

12

 

 the basic tenets of organ preservation were
established (i.e., to perfuse via the vascular bed with a specially selected chilled solution). It was
soon established that heparinized or diluted blood, when cooled and used as preservation solution,
still led to problems with vascular stasis on reimplantation of the graft, and the next phase of
research focused on better solutions to be used for the establishment of 

 

in vitro 

 

hypothermia.

 

9.3 ORGAN PRESERVATION: THE PROBLEMS OF COOLING AND 
HYPOXIA

 

In mammals, up to 70% of basal energy metabolism is concerned with the maintenance of homeo-
stasis, on which all the complex, integrated life processes depend. The control of ion distribution,
pH, solute content, and associated osmotic potential within cells all depend on this high-level basal
activity, particularly for fueling membrane pumps such as the Na

 

+

 

/K

 

+

 

 ATPase. Such significant
energy requirements can only be met by oxidative energy production via coupled mitochondrial
electron transfer, and thus it is unsurprising that transplantation (requiring removal and manipulation
of organs) has such a propensity to induce hypoxic damage. The inescapable need to use energy
(in mammalian systems in the form of ATP and phosphocreatine) for homeostasis means that once
vascular perfusion with blood is interrupted, ATP levels at normal body temperature fall dramatically
within minutes and reach a low plateau value over approximately half an hour.

 

13

 

 Cells possess
various fallback mechanisms to generate energy by hypoxic metabolism, such as anaerobic glyc-
olysis and limited substrate interconversion,

 

13

 

 but these mechanisms can only provide a small
fraction of the required energy supply and can only function for limited periods. Thereafter, the
homeostatic controls begin to differentially “unravel,” leading to progressively more injury, which
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at some point becomes irredeemable, even if the organ is transplanted and blood perfusion rees-
tablished. There has been continuing debate over the last 40 years about which injury is the key
factor, but in reality, this factor is an interlinked cascade of hypoxic changes, the sum of which
cannot be controlled by any simple means such as administering pharmacological agents. The issue
is further complicated because this cascade itself predisposes the cells to additional damage when
oxygen is supplied during reperfusion of the transplanted organ, leading to the classically defined
ischaemia-reperfusion syndrome. It is beyond the scope of this chapter to describe this syndrome,
and several recent reviews have covered this field in detail.

 

14–18

 

 Detailed discussion can also be
found in Chapter 2. It is clear that inhibition of oxidative energy supply (both by deprivation of
essential ATP for transmembrane pumping and by structural disruption of the mitochondria that
signals secondary damage such as initiation of apoptosis) is one of the most significant factors in
the scheme.

The use of cooling to try and control the damaging effects of organ manipulation outside the
body is, of course, intuitive, as man has used low-temperature techniques such as ice-packing to
slow biodeterioration in foods and crops for thousands of years. Also, many microscopic studies
undertaken on cells at reduced temperatures documented the associated decrease in activities, such
as motility and streaming of cytoplasm. In current practice, hypothermia in organ preservation is
defined as storage at any temperature down to 0°C in the liquid state. (Deep cooling and ice
formation are currently not used, but there may soon be developments in this area; these advances
will be touched on below and discussed in detail in the chapter by Taylor and colleagues). The
empirical studies (such as those by Schloerb et al.

 

10

 

) in the middle of the last century demonstrated
that mammalian systems could be cooled by hypothermia and then recover function. However,
when viewed considering the complexity at normal body temperatures of the multitude of coupled
biochemical processes essential for life, it is sometimes difficult to understand how that temperature
can be lowered by tens of degrees and then returned to normal without devastating consequences.
The secret may partly lie in evolutionary development. Homeotherms may have evolved from earlier
ancestors in which body temperature was allowed to fluctuate more widely as the environment
changed; this theory is backed by the observation that some of the more primitive current mam-
malian species (monotremes and marsupials) function at lower and more widely ranging body
temperatures.

 

19

 

 It is also true that the vestigial ability to allow body temperature to fluctuate widely
in cold winters in specialized groups of hibernatory mammals indicates that there may be an
evolutionary route to the ability to withstand hypothermia, but this is a highly specialized response,
in which weeks of metabolic preparation with allied changes in feeding practices, hormone profiles,
and molecular and physiological adaptations are necessary for survival at low temperatures.

 

20,21

 

This process is vastly different from the immediate requirement for cooling in transplantation,
which is one reason why it has been difficult to translate research on hibernation into applied
hypothermia in organ preservation.

 

22

 

The physiological basis for the depression of metabolism was established by the work of
Arrhenius

 

23

 

 and modified for biological processes by authors such as Heilbrunn.

 

24

 

 Many important
biochemical reactions require prior activation of the participating molecules; that is, molecules
possessing sufficient energy to take part in the process (this is why cellular energy balance is so
important in all life processes). Cooling (by removing energy in the form of heat) reduces the
proportion of activated molecules, which can be expressed in the relationship between reaction rate
(

 

V

 

) and temperature (

 

T

 

, in degrees absolute), where 

 

R

 

 is the gas constant, 

 

E

 

a

 

 is the activation energy
and 

 

A

 

 a constant:

 

V

 

 = 

 

A

 

exp

 

(

 

E

 

a

 

/

 

RT

 

).

Results of a specific metabolic reaction during cooling, when plotted as Logn 

 

V

 

 against 1/

 

T

 

provide a linear relationship with a slope of 

 

E

 

a

 

/

 

R

 

. This can be used to give the activation energy
of the specific reaction (assuming a single, rate-limiting step). Over the temperature range used for
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organ preservation (from body temperature to 0°C), many biochemical processes in mammalian
systems do not produce a single linear Arrhenius relationship on cooling but, rather, express a
curvilinear or “broken” plot, with a shift to higher activation energies (i.e., a slower overall rate)
at temperatures below about 20°C.

 

25,26

 

 See also Chapter 2. The depression caused by cooling can
also be quantified as the 

 

Q

 

10 

 

relationship,

 

24

 

 in which the fall in reaction rate for a 10°C temperature
drop is calculated. For many biochemical reactions, the 

 

Q

 

10

 

 between 40°C and 20°C is about 2,
whereas between 20°C and 0°C the value increases to between 3 and 5. Taken together, these
observations have been interpreted as the increasing and additive effects of cooling on cellular
ultrastructure that affect biochemical processes. (For example, many important biological reactions
are catalyzed by enzymes embedded in the membrane lipid bilayers or require substrate exchange
across such bilayers.)

It should be stressed here that most of these physiological studies on cooling were performed
on systems that were aerobically respiring.

 

9

 

 The complicating effects of hypoxia (as experienced
by organs removed from the body for transplantation) can be seen as an additional metabolic
challenge. In simple terms, hypothermia can be aerobic or anaerobic; even under aerobic conditions
there is a depression of all metabolic activity, and true, long-term adaptation to cold (as in
hibernation) requires a level of complexity far greater than simply applying low temperatures. It
is this deficit between the aspirations of the transplant surgeon and the ability of the organ to survive
the storage period that has been the driving force for the modern studies in organ preservation.

 

9.4 COOLING AND CELLULAR ENERGETICS

 

Mitochondrial electron transport and ATP production are surprisingly robust in mammalian cells
after cooling. For example, it has been known for some time

 

27

 

 that in kidneys subjected to
oxygenated hypothermic perfusion for up to 48 hours, both the total content of adenine nucleotides
and relative ratios of ATP to lower phosphorylated-state adenine nucleotides could be maintained
unchanged compared to those measured in kidneys at normal body temperatures. This is true
metabolic turnover, rather than a static maintenance of an existing pool, as indicated by experiments
on liver.

 

28

 

 In organs previously depleted of ATP by cold hypoxic storage, a progressive restoration
of ATP over several minutes could be shown when oxygenated perfusion was resumed. It has also
been known for some time that ATP is consumed at hypothermia for homeostatic ion pumping,

 

29

 

as addition of uncoupling agents in stable, oxygenated organs caused a massive release of intra-
cellular potassium. Similar effects of ion-transport inhibitors on energy consumption have been
demonstrated in the hypothermic kidney.

 

30

 

 It is necessary to recognize that measurements of cell
energy supply are always a balance between production and consumption, such that the “normal”
status measured in these organs can equally be attributed to a lowered energy consumption at
hypothermia, which is just balanced by a lower (but adequate) activity of mitochondrial electron
transport. Other methods of oxygen supply at hypothermia (such as persufflation) will be discussed
later (see Section 9.10) and have similar positive effects on energy turnover. However, the central
tenet holds that oxygen is still essential, even at cold temperatures.

Once oxygen is restricted, in the cold, flush-stored organ, cooling itself provides minimal
protection of energy balance. The switch to anaerobic metabolism via glycolysis produces low
yields of ATP, which at normal body temperature can in no way match the requirements for
continued homeostatic control, such that, within a few minutes, ATP falls to very low levels.

 

13,31

 

Cooling, by the relative 

 

Q

 

10

 

 depression of all metabolic processes, delays this energy collapse by
a factor of about 8, or put in another way, adenine nucleotide status fell within about 240 minutes
to the equivalent of about 30 minutes at 37°C.

 

13

 

Although a continued energy supply can permit many of the essential homeostatic controls of
ion gradients and pH, it is easy to foresee that other, more complicated multistep processes such
as protein synthesis may be more susceptible to cooling; this is, in fact, the case. It is difficult to
detect synthesis of new proteins in response to a specific inducer much below about 20°C.

 

32
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9.5 EFFECTS OF COOLING ON CELL STRUCTURE

 

All essential cell metabolism depends on the separation of discrete chemical reactions into specific
compartments by the selective properties of biological membranes (comprising phospholipid bilay-
ers and proteins in a liquid crystalline or fluid state at normal body temperatures

 

33

 

). Lipids generally
are known to undergo a phase transition to a gel state on cooling, and in the complex mixtures of
lipid classes in biological membranes, cooling induces a thermotropic separation of the different
lipid classes as the respective melting point of a particular lipid is passed. This leads to demixing
and lateral phase separation into gel and liquid crystalline phases in the plane of the membrane,
and also an exclusion of integral proteins from the gel-phase areas.

 

34

 

 Such gel formation acts to
decrease global membrane fluidity

 

35

 

 and may also lead to increased solute leakiness through
membranes in which such packing faults have occurred. Cooling has been reported to increase
transmembrane diffusion of many solutes from small ions to larger molecules, such as disaccharide
sugars.

 

36

 

 The change in fluidity affects the kinetics of many membrane-bound enzymes, such as
the Na

 

+

 

/K

 

+

 

 ATPase, in which it was shown that cooling of the enzyme when bound in the membrane
had a greater inhibitory effect than when the enzyme was a free protein in solution.

 

37

 

Cooling has the potential to alter the cytoskeletal arrangement in mammalian cells. The main-
tenance of internal structures such as microtubules or microfilaments relies on a sensitive interplay
of ion balances, energy status and temperature. In isolated hepatocytes, microtubules were shown
to de-polymerize and F-actin from microfilaments to precipitate during storage at 4°C.

 

38

 

 Alteration
in the colloid content of the preservation solution could beneficially modulate these changes. A
similar change in hepatocyte microtubules was reported by Kim & Southard,

 

39

 

 which again could
be modified by drug action. In kidney cells, a cold-induced disruption of microtubules was also
observed,

 

40

 

 and was associated with a redistribution of integral membrane proteins.
Mitochondria are also sensitive to reduced temperatures during organ preservation, and swelling

or vacuolization has been demonstrated by electron microscopy in experiments on kidney

 

41

 

 and
liver

 

42

 

 storage. Membrane reorganization with loss of electron chain complexes has also been
reported

 

43

 

 (see Figure 9.1). 
Calcium, which is normally sequestered in both endoplasmic reticulum and mitochondria, is

also known to be released, significantly increasing cytosolic free-calcium concentrations.

 

44

 

 Partic-
ularly during cold hypoxic storage, conditions prevail that may stimulate the opening of the
mitochondrial transition pore,

 

44

 

 which may result in release of cytochrome C and stimulation of
cell death via apoptosis, particularly during the rewarming phase after preservation

 

45,46

 

 (see also
following discussion).

Cooling may also affect the molecular organization at the level of specific proteins. Some
enzymes, notably those that are multisubunit enzymes, are susceptible to cold-related inactivation
by dissociation.

 

47

 

 The pK of specific ionizable groups of proteins may alter with lowered temper-
ature, which affects associated reactions within and between proteins. There is also a noted shift
in the pK of the most common protein-associated ionizable groups (the -imidazole group of peptide
histidine residues), which characteristically appears as an apparent shift in pH (by a factor of about
0.017 pH unit/°C, on cooling from 37°C). This is not a true alkalinization, because the effect is to
maintain the relative degree of ionization of the 

 

α

 

-imidazole pool, which is the major intracellular
protein-associated buffer. The apparent shift in pH can be demonstrated by techniques such as
whole-organ nuclear magnetic resonance spectroscopy and is evident even in those organs in which
energy metabolism is supported by oxygenated hypothermic perfusion.

 

48

 

 Other changes may involve
proteins associated with binding transition metals, particularly iron. There is growing evidence that
iron-associated free radical effects are an important source of cold-preservation damage.

 

49,50

 

 Nor-
mally, non-protein-associated chelatable pools of iron are very low, but following hypoxic cold
preservation, this “free” iron has been shown to increase.

 

46,51

 

 This has been suggested to play a
role in apoptosis and cell death.

 

50
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The destabilization of homeostasis when hypoxia is coupled with cooling leads to a predictably
complex cascade of biochemical events that eventually become irreversible (see Figure 9.2). Pro-
gressive dephosphorylation of ATP results in accumulation of breakdown products such as purines
and nucleoside bases (e.g., inosine, hypoxanthine, and xanthine), which can diffuse from the cell.
The internal pH falls toward acid conditions as the switch to anaerobic glycolysis fuels accumulation
of lactate. Failure of energy-linked transmembrane pumps results in an inward flux of Na

 

+

 

 (enhanced
by resident anions on intracellular proteins) and Cl

 

–

 

, leading to associated water influx and cell
swelling. Phosphate levels increase as a result of the dephosphorylation events, and control of other
actively transported ions (such as calcium and magnesium) is lost. The high-free calcium levels
can cause mitochondrial damage and activate degradative enzymes (such as phospholipases and
nonlysosomal proteases), which destabilize membranes, accelerating the abnormal leakage of
solutes. Taken together with the lowered pH, which also favors the activation of lysosomal digestive
enzymes by destabilizing lysosomal membranes, an autodigestive state is enhanced. Depending on
the time and conditions experienced during cold hypoxia, progressive cell death by both necrosis
and apoptosis has been observed. The endothelial cell compartment of many organs is particularly
sensitive to cold hypoxic preservation, leading to membrane blebbing, cell detachment, and block-
age of the microcirculation. Residual blood cells within the vascular bed also become swollen and
act to plug the capillary network. More detailed observations on the various effects of this cold
hypoxic syndrome can be found in several reviews,

 

52–55

 

 and a schematic representation is shown
in Figure 9.2. This extensive biochemical understanding is beginning to be supplemented by
molecular studies that indicate that cooling itself may activate specific signaling pathways that can
drive transcription of selected genes on rewarming.

 

56,57 

 

FIGURE 9.1

 

Hypothermic storage and transplantation and the activity of hepatic mitochondrial complex 1.
Figure shows mean ± SEM; 

 

▫

 

: Untreated liver controls (

 

n

 

 = 8); 

 

□

 

: 25 minutes storage (

 

n

 

 = 8); 

 

□

 

: 24-hour
storage (

 

n

 

 = 6); 

 

□

 

: 25 minutes of storage plus transplantation (

 

n

 

 = 7); 

 

�

 

: 24-hour storage plus transplantation
(

 

n

 

 = 8); *Statistical significance 

 

P

 

 < .05, **

 

P

 

 < .01, ***

 

P

 

 < .001 against controls. The activity of complex 1
decreased significantly with cold storage and was further reduced following 

 

in vivo 

 

reperfusion at each
preservation period. (Sammut, I.A., et al., Impairment of hepatic mitochondrial respiratory function following
storage and orthotopic transplantation of rat livers, 

 

Cryobiology

 

, 36, 49, 1998. With permission.)
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9.6 EFFECTS OF COOLING: ENHANCING REPERFUSION INJURY

 

The multitude of changes described above that occur during the cold storage period (especially in
the hypoxic state) predispose the organ to further injury during the early rewarming phase. These
additional events have been collectively termed reperfusion injury or ischaemia/reperfusion injury
(IR). The syndrome has been recognized since the early days of organ preservation and was then
called the “no-reflow phenomenum.”

 

58

 

 A great deal of information on the driving forces for the
development of IR injury (which occurs after both warm and cold hypoxia) has been accumulated
over the past decade,

 

14–18

 

 and a full description is beyond this scope of this chapter, but it is worth
summarizing some of the major points.

Many of the mechanisms are central to all situations, but individual factors (such as calcium-
induced contracture of cardiac muscle) are particularly obvious in specific organs.

 

59

 

 Mitochondria
are as important in IR injury as they are in preservation injury. The conditions during reperfusion
can favor a more substantial and prolonged opening of the mitochondrial transition pore following
loss of calcium homeostasis,

 

60,61

 

 leading to apoptosis or impaired electron transport and failure of
ATP regeneration. Impaired mitochondrial function also leads to inefficient transfer of electrons
and generation of oxygen free radicals when oxygen is resupplied on revascularization, adding to

 

FIGURE 9.2

 

A schematic of a cell during cold hypoxia. Aerobic energy consumption is reduced but not
completely inhibited by the cold hypoxia, whereas ATP production is greatly reduced. ATP breakdown products
accumulate and can diffuse from the cell, whereas residual anaerobic glycolysis increases hydrogen ion
accumulation. Membrane ion pumps fail because of a lack of energy supply and inhibition from cold-induced
alterations in local membrane microviscosity, leading to influx of sodium (and chloride), loss of potassium,
and increase in calcium. Ion and pH changes activate digestive enzymes with damage to membranes (including
the cell membrane and organelle membranes, such as those of the mitochondria). Cell and mitochondrial
swelling gradually increase, with loss of solutes such as cytochrome C from mitochondria, leading to activation
of apoptosis. Hypoxia results in the establishment of a highly reduced electron transport chain, which can
interact with low residual levels of oxygen to produce oxidative stress.
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a generalized oxidative stress

 

62

 

 from multiple causes. Delocalization of catalytically available free
iron can enhance oxygen free radical (OFR) formation.

 

46,63

 

 One of the earliest proposals for OFR
production during reperfusion injury was that of the breakdown products of adenine nucleotides,
particularly to xanthine and hypoxanthine, interacting with the xanthine oxidase enzyme to liberate
OFR,

 

64

 

 and this scenario is still being evaluated today.

 

65

 

 Endothelial cells within the vascular bed
of the reperfusing

 

 organ will generate nitric oxide (itself a radical) as part of the physiological
control of vascular tone, and this additional radical may interact with other OFR to produce harmful
adducts such as peroxynitrite.66 In specific situations, cell subsets (such as Kupffer cells in the
liver67 or mesangial cells in the kidney68) can be activated by IR to release additional sources of
OFR or contribute directly to the inflammatory response, in addition to effects caused by influx of
neutrophils within the recirculating blood (see Figure 9.3).

In fact, a secondary sequence of changes results from interaction between the damaged organ
and the host’s blood system during reperfusion. The variable redox status of the organ at this time
can activate various transcription factors such as hypoxia-inducible factor (HIF-1) and nuclear
factor kappa B, which control production of inflammatory markers.69 The effects can also enhance
local synthesis of cytokines and chemokines, attracting leukocytes to the organ. The same agents
activate expression of cell adhesion molecules on the cells of the reperfusing organ,70 which
increases binding of leukocytes, particularly neutrophils, and magnifies the inflammatory response.
Neutrophils themselves produce OFR and other agents such as proteases, which can enhance the
degree of IR,71 with additional stimulus for platelet activation resulting in blockage of the micro-
circulation.

This combination of preservation- and reperfusion-related injuries can have negative effects on
graft function well beyond the immediate poststorage period. There is increasing evidence that the
stimulation of the IR inflammatory cascade may produce a prolonged activation of the host’s
immune system (beyond that produced directly by the allograft reaction to the foreign organ),
producing progressive fibrotic change, which eventually results in deteriorating graft function or
loss.72 These consequences explain why so much effort over the last 2 decades has been placed on
developing preservation solutions, with pharmacological additives (discussed in the following text),
to ameliorate the damage.

9.7 A COMPARISON TO NATURAL COLD AND HYPOXIC SURVIVAL

Although hibernation and natural cold tolerance are complex fields too detailed to discuss in depth
here, there are a few points that are worth making in comparison to the aims of organ preservation
techniques. As discussed above, the maintenance of cellular homeostasis is as important for the
survival of cold- and hypoxia-tolerant species as it is to normal homeotherms. Across the spectrum
of species that survive in extreme environments (from lower vertebrates such as turtles to true
hibernators such as ground squirrels on the North American continent), the necessity is to balance
energy consumption with production under conditions in which oxygen and nutrients may be
limiting. This requires a range of responses that have been defined as defense and rescue.73 There
are integrated gene-regulated responses that downregulate energy consumption in the resting con-
dition to a new hypometabolic state.74 The changes range from alterations in membrane channel
activity in individual cells73 to a whole-body response from pH change.75 Although many lower
species (such as turtle) have a relatively efficient capability to harness glycolysis and other secondary
fermentations, it is instructive to note that the majority of mammalian hibernators strive to maintain
oxidative metabolism (albeit at a low rate) — they perform intermittent breathing motions while
in deep hibernation.76 It has also been found that many hibernators go through several brief arousal
periods during the hibernation season76 that could indicate a need for the rescue of essential
metabolic pathways required for the essential homeostasis. In all species there appears the need
for the maintenance of a small, consolidated, turnover of ATP — energy metabolism cannot be
completely silenced even in the best-adapted species but must be maintained at a low “pilot light”

2772_C009.fm  Page 205  Thursday, July 13, 2006  12:19 PM

© 2007 by Taylor & Francis Group, LLC



206 Advances in Biopreservation

level of ATP regeneration.73 Given these intriguing responses, there may be lessons to be learned
from hibernating species in applied organ preservation. Some work has been performed in this
area,22 but much remains to be understood.

FIGURE 9.3 A schematic of the pathways for oxygen free radical (OFR) production following cold hypoxic
preservation. The increase in oxygen resulting from reestablishment of oxygen supply can interact with
products of ATP breakdown in the xanthine oxidase reaction, liberating superoxide (O2

.). Damaged mitochon-
dria also liberate OFR from the electron transport chain. Calcium imbalance (progressive on that from cold
preservation) increases activation of degradative enzymes, with release of transition metals from storage
proteins. Redox cycling of the transition metals with oxygen and OFR can enhance overall OFR load and
yield other radical sources such as hydroxyl radical (OH.). Accumulation of OFR and oxidized intermediates
(e.g., glutathione) activates transcription factors with production of cytokines, chemokines, and the adhesion
molecule cascade. This inflammatory milieu results in recruitment of leukocytes and activation of endothelial
cells, which themselves contribute to OFR (oxygen-centered radicals from granulocytes and nitrogen-centered
radicals from endothelial cells). The OFR load overwhelms intracellular antioxidant defenses, resulting in
damage to polyunsaturated lipids, proteins, and nucleic acids. Combined with digestive enzyme activity, these
can be released in significant quantities into the circulation and result in specific distant damage (e.g., to the
lungs) or multiorgan failure. Redox disbalance also enhances progressive apoptotic change.
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9.8 PRESERVATION STRATEGIES

The sudden arrival of clinical kidney transplantation in 1962–1963 was so unexpected that little
collateral research or other formal preparation had been made to preserve organs.77 Although kidneys
were successfully transplanted in the pioneer identical twin cases despite protracted periods of
warm ischemia, the maturation of clinical transplantation could not proceed without effective organ
conservation.77 This conservation was at first accomplished by total body hypothermia of living
volunteer kidney donors,78 using methods developed by cardiac surgeons for open heart operations.79

In the experimental laboratory, Lillehei et al. simply immersed the excised intestine in iced saline
before its autotransplantation,80 a method also used by Shumway when developing experimental
and clinical heart and heart–lung transplantation.81–83 Thus the principle of hypothermia was under-
stood at an early time, although not efficiently applied.

The first major innovation in hypothermia was in the laboratory when canine liver allografts
were cooled through the infusion of chilled fluids into the vascular bed of hepatic allografts via
the portal vein.84 Before this time, after liver transplantation, dogs almost never survived, whereas
after this technical innovation, success became routine. In a logical extension of this knowledge to
clinical kidney transplantation, in 1963 the practice of infusing chilled lactated Ringer’s or low-
molecular-weight dextran solutions into the renal artery of kidney grafts immediately after their
removal was introduced.85 The solution described by Collins, Bravo-Shugarman, and Terasaki,86

resembling intracellular electrolyte concentrations, or modifications of it, was the first notable
advance in organ preservation and was used for almost 2 decades. Renal allograft preservation was
feasible for 1–2 days, long enough to allow tissue matching and sharing of organs over a wide
geographic area. Experiments with hepatic allografts by Benichou et al.85 using the Collins-Terasaki
solution, and by Wall et al.87 with the plasma-like Schalm solution, led directly to liver sharing
among cities, but with a time limitation of only 2–8 hours.

Today, intravascular cooling is the first step in the preservation of all whole-organ grafts. For
cadaver donors, this is most often done in situ by some variant of the technique described originally
by Marchioro et al.88 Ackermann and Snell89 and Merkel, Jonasson, and Bergan90 popularized the
simpler core cooling of cadavers with cold electrolyte solutions infused into the distal aorta.

Until 1981, transplantation of the extrarenal organs was an unusual event. By late 1981, however,
it had become obvious that liver and thoracic organ-transplant procedures were going to be widely
used. A method of multiple-organ procurement was required by which the kidneys, liver, heart,
and lungs — or various combinations of these organs — could be removed without jeopardizing
any of the individual organs. Flexible techniques were developed91,92 that were quickly adopted
worldwide. With these methods, all organs to be transplanted are cooled in situ, rapidly removed
in a bloodless field, and dissected on a back table. Fluids of differing osmotic, oncotic, and
electrolyte composition are infused into the allograft before placing it in a refrigerated container.86,93

Introduction of the University of Wisconsin solution (UW) to liver transplantation by Belzer,
Jamieson, and Kalayoglu94,95 was the next major development in static preservation. The superiority
of the UW for preservation of the kidney and other organs was promptly demonstrated in experi-
mental models and confirmed in clinical trials.96–100 The UW preservation doubled or tripled the
time of safe preservation of the various allografts, making national and international sharing of
most organs an economic and practical objective.

From the above discussions, it will have become apparent that there is a fundamental choice
to be made in applied organ preservation: whether to supply oxygen to sustain low-level oxidative
metabolism and energy-consuming homeostatic control of the intracellular milieu or whether to
allow hypoxia to develop and attempt to modulate the inevitable biochemical changes such that
organ viability is maintained for a practically useful period. Hypothermia is central to both
approaches, but thereafter they differ in complexity, portability, and cost. There are some general
approaches for correcting hypothermic damage, and these approaches will be outlined here. Specific
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compositions of preservation solutions for static or perfusion preservation will be discussed in
Sections 9.9 and 9.10.

9.8.1 MAINTAINING HOMEOSTASIS IN PRESERVATION

9.8.1.1 Oxygenation

Static cold storage cannot supply oxygen, whereas continuous organ perfusion with an asanguinous-
oxygenated perfusion can provide adequate oxygen for a hypothermic organ’s low metabolic
requirements. In the kidney, perfusion with oxygenated Fluosol may improve preservation further,
whereas retrograde oxygen persufflation has proven to be a useful adjunct to static preservation in
experimental studies but has not yet gained wide acceptance because of the fear of increased
endothelial vascular damage.101

9.8.1.2 Nutrition

Glucose is often incorporated as a metabolic fuel, but amino acids, fatty acids, ATP, and adenosine
have also been added, particularly in perfusion preservation. Complete oxidative phosphorylation may
require such additional supplements102 during perfusion. Adenosine was found to be an essential
additive in the UW103 for static storage, although its vasoactive properties may also have facilitated
the flushing procedure. During hypoxic storage, provision of substrates such as fructose has been
shown in experimental studies to prolong the synthesis of ATP for a limited period104 (see Figure 9.4).

9.8.1.3 pH Maintenance

Flushing solutions with good buffering capacities are generally used for static cold storage (e.g.,
phosphate, citrate, and histidine). Bicarbonate buffering, which is generally used for continuous
perfusion, requires continuous provision of carbon dioxide and is not as effective in the pH range
7.1–7.8, but protein in the perfusate can offer additional buffering capacity. Other components of
static flush solutions such as citrate, phosphate, and lactobionate have limited buffering capabilities.
Histidine is an efficient buffer at low temperatures and forms the basis of Bretschneider’s solution,105

now widely used for static preservation of kidneys in Europe. The addition of glucose to solutions
for static preservation may be counterproductive if lactate production is enhanced and acidosis
develops. Such additions for continuous perfusions can prove effective because acid catabolites are
continually diluted and washed out of the organ.

9.8.1.4 Prevention of Cellular Edema

The use of solutions containing slowly permeable (e.g., mannitol and glucose) or impermeable
(e.g., sucrose and raffinose) solutes helps reduce edema during both static and perfusion storage.
Further advantage can be obtained by replacing the permeable anion, chloride, with an impermeable
anion (e.g., lactobionate or gluconate). The gradients affecting loss of potassium and magnesium
and influx of sodium can be minimized by preservation solutions containing high intracellular
concentrations of potassium and magnesium and low concentrations of sodium. However,
sodium/potassium ratios for static and perfusion storage can be reversed without significant ill effect.

9.8.1.5 Modification of Cellular Calcium

Diltiazem, a calcium antagonist, has attracted attention because it increases renal blood flow106 and
prevents an influx of calcium. In the kidney, diltiazem has been shown to reduce the incidence of
acute tubular necrosis (ATN) when incorporated in EuroCollins’ (EC) flush-out solution, adminis-
tered during kidney procurement and after transplantation.107 Another calcium antagonist,
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verapamil, has similar protective properties.108 Incorporation of phenothiazines such as trifluoper-
azine into flushing solutions has also been used to inhibit the activation of the calcium–calmodulin
complex109 and has improved kidney preservation.

FIGURE 9.4 Real-time changes in hepatic NTP (nucleoside triphosphates that are mostly ATP) following
liver isolation and reperfusion with glucose and fructose substrates. Real-time changes in hepatic NTP
following liver isolation (X), cycle 1 hypothermic reperfusion (HtR) with no substrate (Y), cycles 1 and 2 of
hypoxia (Z), and cycle 2 of reperfusion with added substrate (Glucose HtR [�]; Fructose HtR [�]). (In the
liver, NTP signals are almost wholly composed of signals from ATP moieties.) Changes are normalized to
the total phosphorous signal, which remains constant throughout the experimental protocol, and are shown as
mean ± SE for n = 5 in each group of porcine livers. Oxygenated hypothermic reperfusion resulted in significant
synthesis of ATP from baseline, nondetectable levels following hypoxia. By t = 120 minutes in the second
cycle of hypoxia, NTP became undetectable in the glucose group. In the fructose group, NTP signals were
present for longer periods, and the observation time was extended to t = 180; under these conditions, fructose
acted to prolong support for NTP synthesis via anaerobic glycolysis. (Changani, K., et al., Enhanced energy
metabolism at hypothermia following addition of a prostacyclin derivative in porcine liver, Cryo-Lett., 19,
131, 1998. With permission.)
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9.8.1.6 Antioxidants

Several strategies have been tested to limit free-radical formation after reperfusion of the graft.
Allopurinol, a xanthine oxidase inhibitor, has been added to the preserving solution or administered
to the donor and recipient, with inconclusive results.110,111 Its omission from UW was found to be
deleterious103 to renal function. Free-radical scavengers glutathione and ascorbate have also been
included in some preservation solutions, but the efficacy of such additives may be limited by their
instability in the presence of atmospheric oxygen during production or storage of the solution.
Mannitol, polyethylene glycol, histidine, and tryptophane have also been used. The iron-chelating
agent deferoxamine has been an effective additive to the perfusate for machine preservation of
canine kidneys for 48 hours with 30 minutes of warmischaemia (WI).112

The effect of hypothermia on enzymes and membranes cannot easily be manipulated. In nature,
such modification is a characteristic of hibernating animals that can withstand low temperatures
for long periods with no damage. Kidneys from hibernating squirrels can be preserved for 10 days
and maintain metabolic activity comparable to that measured after only 3 days from nonhibernating
squirrels.113

9.8.2 DONOR FACTORS IN ORGAN PRESERVATION

Although the main thrust of this chapter has been the changes imposed on individual organs by
cold preservation, there are some factors inherent in the donor from which the organs have been
removed that affect storage outcome.

9.8.2.1 Brain Death

The primary source of solid-organ transplants has become brain-dead cadaveric donors. Although
brain death has been well defined neurologically, knowledge of the systemic changes that follow
this massive central injury remains limited. Growing interest in the pathophysiology of the condition
and its effects on function of peripheral organs has led to a number of experimental and clinical
studies designed to elucidate the complexity of hemodynamic, neurohumoral, and immunologic
alterations that may develop. The first major studies of the effects of brain death on the structure
and function of organs to be transplanted were carried out by Wicomb et al.114,115 in the early 1980s,
stimulated by an observation made in the first patient to receive a donor heart that had been stored
by continuous hypothermic perfusion.114 After heterotopic transplantation, this heart, which had
been hypothermically perfused and stored for over 12 hours, did not function for almost 24 hours,
in direct contrast to observations made in baboons receiving orthotopic transplants of hearts that
had been stored under identical conditions for periods of 24 hours.114 The significant difference
between these clinical and experimental studies was that although in the baboons the donor hearts
were excised from healthy, anesthetized animals, the human heart had been obtained from a brain-
dead donor. In numerous studies in both baboons and pigs, the Cape Town group confirmed and
expanded on Cushing’s observations (made in 1901) on the hemodynamic consequences of an
increase in intracranial pressure, often associated with brain death. Inflation of the balloon of a
Foley catheter (placed within the skull) resulted in the typical features of the “autonomic storm,”
which have been fully described previously.114,115 This intense stimulation of the autonomic nervous
system resulted in major electrocardiographic and hemodynamic abnormalities114 and even in
structural damage to the myocardium and lungs.115 Novitzky’s group also documented significant
reductions in the circulating levels of certain hormones, notably free triiodothyronine (fT3), cortisol,
and insulin,114,115 which in turn led to major metabolic disturbances.115 Anaerobic metabolism
replaced aerobic metabolism, myocardial high-energy stores were depleted, lactate was accumu-
lated, and organ function deteriorated.
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Brain death involves a syndrome that includes rapid swings in blood pressure, hypotension,
coagulopathies, pulmonary changes, hypothermia, and electrolyte aberrations.116 The hemodynamic
changes are well recognized. Hypotension following brain death is a common phenomenon neces-
sitating intensive stabilization. It has been confirmed in rats that brain death produces noradrenalin
levels that are 22-fold and adrenalin levels that are 148-fold of baseline.117 This increase in
catecholamines was followed by altered organ perfusion secondary to elevated vascular resistance
(kidney fourfold, spleen ninefold, liver twofold to those resistance levels seen in control conditions).
Fifteen minutes after central injury, the mean blood pressure and vascular resistance decreased
below normal, indicating increasing anoxia. Vasoconstriction during the initial events is severe, and
a significant reduction in flow to peripheral organs occurs despite the highly increased perfusion
pressure; the combination results in ischemia.118,119 Elevated catecholamine levels secondary to
brain death appear to cause major histopathologic and functional effects in organs, best identified
in the heart.116 Cardiac lesions include petechial hemorrhage in the subendocardium, contraction
bands, and coagulative myocytolysis, which is also found in patients dying of acute cerebral injury
as well as in experimental animals following catecholamine administration.

The type of brain death appears to influence subsequent events. The effects of brain death are
less severe following brain death caused by a gradual increase in intracranial pressure,119 where
there is a transient decrease in the heart rate but no changes in other hemodynamic parameters and
less severe morphologic changes of heart tissue. This variable course of hemodynamic instability
appears to be the result of the extent of brain stem lesions. These differences are emphasized by
multivariate analysis, which shows that both primary and long-term results of organ transplantation
are dependent on the etiology of brain death in the donor. The prognosis for graft success is poorest
when the donor has died of acute intracerebral hemorrhage, where there is an explosive increase
of intracranial pressure and hemodynamic instablity.120 In addition, administration of exogenous
catecholamines to brain-dead donors is followed by less satisfactory survival and initial graft
function after allotransplantation.121

Little is know about the effects of brain death on cytokine activation of peripheral organs.
Examination of the presence of cytokines in the circulation of brain-dead patients showed increased
interleukin 6 levels122 and upregulation of transcriptional levels of  tumor necrosis factor alpha
(TNF-α) and interleukin 6 in association with episodes of transient focal cerebral ischemia.123 It
has been suggested that organs experiencing warm ischemia because of hemodynamic deterioration
of brain-dead donors, and subsequently cold ischemia during storage, express higher levels of
cytokines than those from ideal living donors by the time they are transplanted. Recent experimental
studies investigating the relation between brain death and the activation of peripheral organs have
demonstrated that an explosive increase in intracranial pressure in rats rapidly upregulates various
lymphocyte and macrophage-derived cytokines on peripheral organs.124 Upregulation of MHC class
II and I complexes and the costimulatory molecule B7 indicates that the immunogenicity of injured
organs was increased.

The hypothesis that brain death increases the immunogenicity of solid organs is further sup-
ported by clinical findings that indicate that the incidence and severity of acute rejection are greater
among cadaveric organs than among those from living donor sources. This would explain the
apparent synergy noted clinically between the effects of initial delayed graft function and acute
rejection episodes. Whether brain death–associated activation of donor organs is mediated via
neurohormonal, circulating cytokines or by hemodynamic events following central destruction
remains unanswered.

9.8.2.2 Warm Ischemic Time and Non-Heart-Beating Donors

The standard organ retrieval procedure from cadaveric donors diagnosed with brain death, but still
maintaining a cardiac circulation, produces minimal warm ischaemia before the organ cooling and
preservation. However, the growing imbalance between organs available for transplantation and
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needy patients has led to consideration of using organs from less favorable situations — the so-
called marginal donors. Within this group are donors who have gone into sudden cardiac arrest and
those in whom supportive therapy has been withdrawn on ethical grounds but who do not fulfill
brain-death criteria. In these situations, considerable agonal ischemia (up to 1 hour) may be
experienced before organs can be surgically removed and cooled — this group has become known
as the non-heart-beating donor pool.125 It is beyond the scope of this chapter to discuss these issues,
but information can be found in several recent publications.126,127 However, there is considerable
evidence that factors such as donor organ age and agonal warm ischemia may become additive
insults, on top of preservation injury, which can negatively influence the long-term outcome of the
graft.72 At present, kidneys are the most frequently used organs from non-heart-beating donors,
although liver donation is also possible in selected cases.128 In relation to organ preservation, it is
usual practice now for kidneys from non-heart-beating donors to be assessed during hypothermic
perfusion preservation129 (see Section 9.10). This allows the possibility of avoiding the transplan-
tation of organs that have been seriously damaged by the warm ischaemic insult, on the grounds
of poor perfusion characteristics or high levels of released enzymes (indicating renal cell damage)
into the perfusate. However, there are not yet universally accepted viability tests on which to base
this decision. Perfusion preservation also allows the possibility of the resuscitation of the prior
ischaemic damage in organs; for example, by stimulating resynthesis of ATP via aerobic metab-
olism, which is possible even at hypothermia.28 This has been demonstrated in many experimental
studies but has yet to be established in the clinical situation130 (see Figure 9.5), although the value
of hypothermic perfusion versus simple cold storage has been shown in some clinical reports.131

Predictions of improved long-term results using cold perfusion have long appeared in statistical
models,132 but as this is a relatively recent activity in transplantation, the true results will not be
available for some years.

FIGURE 9.5 Typical 31P-MRS spectra of a flush-harvested pig liver during the period of hypoxic cold storage
and hypothermic reperfusion (HtR). At 0 minutes (before start of hypothermic reperfusion), signals were only
detected for phosphomonoester PME (mainly sugar phosphates), inorganic phosphate (Pi), and NAD(H). As
HtR progressed over 20 minutes, signals for NTP (which in the liver are composed almost wholly of ATP)
appeared as ATP was produced by aerobic metabolism, and those for Pi reduced, as phosphate was reincor-
porated into the nucleotide triphosphate pool. (Changani, K., et al., Enhanced energy metabolism at hypoth-
ermia following addition of a prostacyclin derivative in porcine liver, Cryo-Lett., 19, 131, 1998. With
permission.)
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9.8.2.3 Steatosis

This is a complication that mainly affects liver preservation. The term steatosis (or fatty liver)
identifies a liver in which lipid, mainly triglyceride, accounts for more than 5% of liver wet weight.133

Hepatic steatosis may develop without clinical or biochemical evidence of liver disease. Biochem-
ical plasma liver function test results frequently fail to identify a liver with even a considerable
degree of steatosis. However, after cold preservation, such a liver is at substantial risk for primary
nonfunction, or at least a period of very poor function after reperfusion.134,135 With the shortage of
donor organs, steatotic livers are used increasingly for transplantation. The rate of steatosis found
in potential living-related liver donors, who represent a relatively healthy nonbiased population, is
6–10%.136,137 Far greater rates of fatty change were found in studies dealing with victims of trauma
deaths, reaching 24% in victims of fatal traffic accidents138 and 30% in children who had died in
traumatic accidents who had no preexisting comorbidity.139 These very high levels of steatosis may
reflect relative hypoperfusion of the liver in a shocked patient after trauma.140

The mechanisms behind this rate of change are still not completely understood. Experimental
studies of steatotic animal models showed an inverse correlation between degree of steatosis and
sinusoidal blood flow, believed to be caused by ballooned hepatocytes containing fat droplets that
compress and distort the sinusoidal lumen and increase intrahepatic portal resistance.141,142 This
resistance in turn leads to relative ischemia of fatty hepatocytes, shown to have increased sensitivity
to anoxia in culture, and thus exaggerating the susceptibility of these organs to preservation–rep-
erfusion injury.143 This shunting of blood from the hepatic microcirculation may be responsible for
impaired perfusion of an organ with cold preservation solution, leading to more damage during the
preservation process.144 Inefficient anaerobic metabolism during warm ischemia and cold preser-
vation, with the depletion of high-energy phosphates and the buildup of lactic acid, is believed to
be one of the major mechanisms contributing to reperfusion injury. The energy level within the
hepatocyte after the period of preservation has been shown to correlate with the eventual outcome
after transplantation.145 Several investigators have shown abnormal adenosine triphosphate produc-
tion within the mitochondria of steatotic livers. This is believed to be caused by the accumulation
of nonesterified fatty acids and has been postulated as a possible mechanism for the increased
sensitivity of fatty livers to ischemic injury.146 Others postulate that the critical injury is to the
sinusoidal lining cell, with an alteration in plasma membrane fluidity147 and subsequent leukocyte
adhesion and Kupffer cell activation.141 Others suggest that fat-laden hepatocytes undergo changes,
including solidification during cold injury, and are responsible for increased sensitivity to reperfu-
sion injury, releasing fatty globules that can disrupt the sinusoid microcirculation.134 The massive
accumulation of lipids released from hepatocytes within sinusoids after transplantation, mimicking
peliosis, has been termed lipopeliosis.148

Cellular disruption, with free-radical formation and triglyceride and free–fatty acid release, is
known to activate phospholipase digestion and lipid peroxidation, thus causing additional cellular
damage.149 It also has been shown in an experimental animal model that steatotic livers are more
susceptible to injury during subsequent periods of warm ischemia.150 Disruption of the sinusoidal
microvasculature again is postulated to be the underlying mechanism. In view of the increased
sensitivity of steatotic livers to both warm and cold ischemia, the logistic difficulty of transplantation
of this group of organs increases, with both ischemic times required to be as short as possible,
thereby minimizing the risk of primary nonfunction. These constraints, together with recipient
factors that may prejudice outcome, need to be taken into account when a decision is made to use
a steatotic organ.149

Hepatocyte growth factor has ameliorated preservation injury in fatty livers, possibly by pro-
viding some protection to hepatocytes and sinusoidal lining cells.151 Prostaglandin E1, an agent
known to improve hepatic microcirculation, also has shown a beneficial effect in diminishing
ischemic injury in a Zucker rat fatty-liver transplant model.152 The use of oxygenated perfusion to
predict survival of steatotic livers before transplantation would require establishing parameters that
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correlate with survival. These may possibly include hemodynamic parameters153 as well as markers
of synthetic function154 and liver injury155 assessed by sampling perfusate. If a supply of oxygen
and nutrients is provided within a suitable perfusate, then continual normothermic preservation
may become a viable reality (see also Section 9.15.2), thus abrogating the increased sensitivity of
fatty livers to cold-preservation reperfusion injury.

9.9 DEVELOPMENT OF PRESERVATION SOLUTIONS

The development of preservation solutions for clinical use has resulted from a combination of
experiments in tissue biochemistry and experimental transplantation. The work of Keller et al.
demonstrated that ion diffusion and edema in renal tissues could be usefully investigated during
cold preservation,156 and these techniques were used by many later authors,157,158 resulting in several
different preservation solutions being reported over the last 30 years. In particular, prolonged
preservation became possible after the development of solutions of intracellular electrolyte com-
position. These solutions minimized cellular edema and the loss of intracellular potassium. Collins
ushered in a new era of simple hypothermic storage by showing that a solution of crystalloid solutes
alone, more resembling intracellular than extracellular composition, and quite free of colloid (see
Table 9.1), could extend renal preservation reliably for 48 hours and longer.86 Subsequently,
solutions of widely different composition, based on the citrate anion (Marshall, Ross), amino acids
(Bretschneider), or simple sugar (sucrose), were shown to be equally or more effective than the
original Collins’ solution, and the significance of intracellular composition became less relevant.
The composition of equally effective flush solutions can differ significantly, but each solution has
components aimed at preventing cellular swelling, and each contains a buffer. These solutions
are used primarily in static hypothermic storage. Various adjuvant solutes can further enhance
preservation.

9.9.1 STATIC HYPOTHERMIC STORAGE: INTRACELLULAR SOLUTIONS

9.9.1.1 Collins’ and EC Solution

Many preservation solutions were developed along with research efforts to find appropriate car-
dioplegic solutions, and one of the first solutions for kidney preservation was developed by G.M.

TABLE 9.1
Collins’ Solutions

mM/L C2 EuroCollins’
EuroCollins’

Mannitol
EuroCollins’

Sucrose

Na+ 9 10 10 10
K+ 108 108 108 108
Mg++ 30 — — —
Cl 14 15 15 15
Bicarbonate 9 10 10 10
Phosphate 47 60 60 60
Sulphate 30 — — —
Glucose 126 180 — —
Mannitol — — 180 —
Sucrose — — — 180
Osmolality (mM/kg) 320 340 340 340
pH (0°C) 7.0 7.3 7.2 7.2
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Collins in laboratories in Australia and Los Angeles, California.86 Prolonged kidney preservation
by simple cold storage became possible after the development of Collins’ intracellular solu-
tions.86,159–162 However, after 72-hour cold storage, the initial function of kidneys was poor, and any
added warm ischemia markedly diminished the efficacy of these solutions.163 The early Collins’
solutions (C2, C3, and C4) had high concentrations of potassium, magnesium, phosphate, sulphate,
and glucose (120 mM). Precipitation of magnesium phosphate was a major technical defect.
Additions of procaine (in C3 and C4) and of phenoxybenzamine (C4) were found to be unnecessary
and, in the case of procaine, harmful. Subsequently, mannitol, magnesium, procaine, and phenox-
ybenzamine were omitted from the very widely used EC solution (Table 9.1), containing high
concentrations of potassium and phosphate and increased glucose.164–166 The higher glucose con-
centrations reduced the potential efficacy of EC solution and made it less effective in the preservation
of organs other than the kidney. Glucose is slowly permeable across cell membranes, and even
under hypothermic conditions, glucose is broken down at least to the level of lactate, which
augments tissue acidosis and doubles the intracellular carbon solutes, promoting cell swelling on
an osmotic basis. These potentially harmful effects become more apparent with prolonged storage
times. Replacement of glucose by other less permeable and nonmetabolizable solutes (sucrose,
mannitol) improved the results of renal preservation by Collins’ solution in rat167 and dog168 kidneys.
A significant reduction in posttransplantation renal failure occurred when human kidneys were
preserved in EC solution with mannitol substituted for the glucose.169 The replacement of glucose
by sucrose may be even more relevant in liver and pancreas grafts, in which cells are more permeable
to glucose. EC solution, although cheaper, was not simple to use, because sterilization of the
glucose-containing fluid had to be done separately from the electrolyte part and mixed before use.
EC solution was standard in Europe for about 15 years.101 

9.9.1.2 Citrate-Based Solutions (Marshall/Ross)

Citrate solution170,171 was developed to overcome some of the limitations of Collins’-type solutions.
This solution also has high concentrations of potassium and magnesium, but citrate replaces
phosphate and mannitol replaces glucose (Table 9.2). Citrate provides buffering capacity and
interacts with magnesium to form impermeable, stable chelates. A high concentration of magnesium
is necessary for the efficacy of citrate solutions; only 4% of the magnesium remains unchelated,
and magnesium-citrate chelate contributes to the semipermeable solute available physically to
maintain cellular integrity.172 High levels of potassium may minimize the loss of cellular potassium.
Citrate chelates calcium as well as magnesium and may aid in the extrusion of calcium from the

TABLE 9.2
Citrate-Based Solutions

mM/L Hypertonic Citrate Isotonic Citrate

Na+ 78 78
K+ 84 84
Mg++ 40 40
Cl 1 1
Citrate 54 54
Sulphate 40 40
Glucose — —
Mannitol 200 100
Osmolality (mM/kg) 400 300
pH (0°C) 7.1 7.1
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cell as well as the maintenance of pH; citrate could be replaced by its analog, tricarballylate,
provided hydroxyethylpiperazine-ethane sulphonic acid (HEPES) is added to augment its buffering
capacity.173 Isotonic and hypertonic solutions are equally effective in preserving human kidneys
and livers;172 the sulphate ion is unimportant and can be replaced by other anions. Mannitol can
be replaced by sucrose with equivalent results; the replacement of mannitol with glucose was
detrimental in kidney preservation. Effective buffering of the solutions is a most important feature.
An acid pH (6.8) is deleterious, whereas solutions with a pH of 7.1–7.8 were equally effective.101,173

Citrate solutions gave results comparable to Collins’ solutions experimentally and clinically for
kidney, liver, and pancreas grafts.172

9.9.1.3 Sucrose Solutions (Phosphate-Buffered Sucrose)

The demonstration that sucrose improved efficacy of preserving solutions167 led to the formulation
of a simple isosmolar sodium phosphate-buffered sucrose solution (PBS). This very simple solution
(Table 9.3) provided excellent preservation of kidneys.174 Sucrose-based solutions, optimally at a
sucrose concentration of around 140 mM, are also effective in preservation of other organs. These
solutions contain no potassium or magnesium. Addition of gluconate does not improve the efficacy
of the solution. Hyperosmolar sucrose-based solutions are less effective than isosmolar solutions.
These sucrose solutions provide buffering and impermeable solute only; cooling reduces metabolic
requirements, and no other physicochemical attributes can be demonstrated. This indicates that
hypothermia, buffering, and impermeable solute represent major components of static preservation
in kidneys.101

9.9.1.4 UW Solution

Research by Folkert Belzer and James Southard,175 acknowledged pioneers of organ preservation,
resulted in a development of a new preservation solution97,176 called UW, initially developed for
the pancreas, that introduces three new philosophies: osmotic concentration is no longer maintained
by metabolically active glucose but, rather, is achieved by the administration of metabolically inert
substrates like lactobionate175 and raffinose; much attention is paid to the additional administration
of colloid hydroxyethylstarch (HES); and addition of oxygen radical scavengers, glutathione,
allopurinol, and adenosine in addition to steroids and insulin (Table 9.4). Subsequently, UW was
effectively applied to liver,94 kidney,98 and heart177–180 preservation. The clinical success of UW in
liver,95,181 pancreas, and cluster preservation182,183 has made it the preferred solution for multiple-
organ harvest.101 At present, UW is considered to be the most generally effective flush solution. It
was the first to contain lactobionate and raffinose, both relatively large impermeant molecules that
effectively control cell volume. Lactobionate seems to be a rather unique component, the full action
of which remains to be explained,184 possibly it is based on the chelation of calcium or iron. UW
and Collins’ solutions both contain phosphate to control acidosis and a high potassium level to

TABLE 9.3
Phosphate-Buffered Sucrose  

mM/L
Phosphate-Buffered
Sucrose (isomolar)

Phosphate-Buffered
Sucrose (hyperisomolar)

Na+ 126 92
Phosphate 82 60
Sucrose 100 140
Osmolality (mM/kg) 300 310
pH (0°C) 7.1 7.2
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minimize loss of intracellular cation. However, these features may be of relatively minor importance
because the small volume of solution left in an organ probably has little buffering capacity in
comparison with the much larger amount of intracellular buffer, and solutions with an extracellular
cation content have been found to work well for liver, kidney, and pancreas preservation.185 The
requirement for colloid in flush solutions is controversial. It may prevent interstitial edema, but at
the price of appreciably higher solution viscosity. The use of a colloid has been particularly
advocated for pancreas preservation.

Although the current supremacy of liver storage by UW has become well established, and
assessments of the advantages of this solution have been recorded on clinical and histological
grounds, a complete explanation for its efficacy remains obscure.181 One mechanism may lie in
synergism between various UW ingredients. For example, adenosine and glutathione exert greater
hepatocyte protection when used together than when either is used alone, and other such links
between UW components may provide a summation of protection.186 However, removal of some
UW ingredients does not affect the quality of cytoprotection,187 and substitution of other ingredients
with substances postulated to have a similar effect does significantly alter preservation.188

Better heart, lung, and kidney preservation by UW, compared with EC solution, is much less
dramatic than improved liver preservation.189 This indicates either a mechanism of hepatic cyto-
protection by UW that is distinct from the prevention of hypothermic damage incurred by all cells,
or a liver-specific susceptibility to hypothermia that is selectively retarded by UW support. Cold
storage indeed produces a specific injury to the hepatic sinusoids.190 Morphological studies of rat
grafts after periods of cold storage and reperfusion show that hepatocytes are very largely preserved
and Kupffer cells are activated, and the dramatic, predominant histological finding is gross destruc-
tion of the hepatic sinusoidal endothelial lining.191

Endothelial cell death is delayed after storage in UW compared with storage in EC solution.192

Furthermore, videomicroscopy of cell detachment, mitosis, and motility confirms better preservation

TABLE 9.4
University of Wisconsin–Based Solutions

mM/L UW
UW-K9
(Low K)

UW-N
(No hydroxyethyl-

starchHES or
adjuvants)

UMW
(No hydroxyethyl-

starchHES,
reversed Na/K)

Sodium
Lactobionate
and Sucrose

Na+ 30 140 30 125 155
K+ 125 9 125 30 5
Mg++ 5 5 5 5 5
Sulphate 5 5 5 5 —
Lactobionate 100 100 100 100 100
Phosphate 25 25 25 25 25
Raffinose 30 30 30 60 —
Sucrose — — — — 75
Adenosine 5 5 — 5 —
Glutathione 3 3 3 3 3
Allopurinol 1 1 — 1 —
Insulin (U/L) 100 100 — — —
Dexamethasone (mg/L) 8 8 — — —
Bactrim (ml) 0.5 0.5 — 0.5 —
HydroxyethylstarchHES (g/L) 50 50 — — —
Chlorpromazine (mg/L) — — — — 5
0smolality (mM/kg) 320 320 290 320 320
PH 7.4 7.4 7.4 7.4 7.4
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of endothelial cell stability after UW than after EC preservation.193 The liver exhibits highly
specialized microcirculatory features. For instance, distinctive endothelial fenestral actin rings may
contract and relax to alter vascular and Hisse space perfusion.194 Specialized unfenestrated endo-
thelium at the narrow junction of the sinusoidal space and terminal portal venule may protrude into
the vascular lumen to occlude it. Such an inlet sphincter may be enhanced by a local periendothelial
contraction of Ito cells.195 The highly specialized feature of liver sinusoidal endothelium, and its
particular susceptibility to hypothermic injury, might account for this selective improvement of
liver preservation by UW and the less marked improvement in UW preservation of other organs.

UW incorporates a variety of additives: adenosine (ATP precursor and vasodilator), allopurinol
(xanthine oxidase inhibitor), glutathione (free-radical scavenger), insulin, and steroid (membrane
stabilizer). The solution has a high concentration of potassium. The relative importance of individual
components has been elucidated in a number of studies. Modifications of the original solution with
the omission of one or more components have provided equivalent preservation of kidney and other
organs. No modification has been shown to improve preservation significantly, but simplification
of the base solution has allowed additional room for future additives that may prove helpful.101 It
is worth considering the important components of UW and their relative importance.

9.9.1.4.1 HES
The inclusion of the synthetic colloid HES does not appear to confer any advantage.103,196,197 Colloid
added to flushing solutions has long been known to improve the rheological properties and the
efficiency of vascular washout, but the addition of colloid is only essential in continuous perfusion
storage. Colloid increases the viscosity of the solution, but this does not appear to be either harmful
or helpful in simple flushing. Preservation of canine kidneys by simple hypothermic storage was
reliably extended to 5 days by a modified HES-free UW.198 Omission of colloid in a randomized
clinical trial showed equivalent and satisfactory preservation of kidneys with HES-free UW. Both
UW and its colloid-free modification gave significantly better preservation than EC.101,197

9.9.1.4.2 Electrolytes
Reduction of potassium concentration with reversal of the sodium/potassium ratio185,199 considerably
improves flushing efficacy (potassium is markedly vasoconstrictive) and is just as effective in
preservation. A modification without HES and based on sodium lactobionate and sucrose with low
potassium has been widely used experimentally and clinically for multiple-organ preservation.101,200

9.9.1.4.3 Impermeants
The great efficacy of UW in organ preservation is primarily a result of the impermeable anion
lactobionate. Gluconate, also impermeable, can replace lactobionate. Similarly, the impermeable
raffinose can be replaced by sucrose with little detriment.101

9.9.1.4.4 Other Additives
The omission of insulin and dexamethasone103 has not been detrimental. Adenosine, allopurinol,
and glutathione were found to confer some benefit in the preservation of rat kidneys,103 but both
adenosine and allopurinol were omitted in a clinical trial with no detrimental effects.197

The introduction of UW and its modifications has markedly enhanced preservation of all
transplantable organs; it has restored order to the operations of liver and pancreas grafting, given
more effective heart preservation than previous methods, and served as the standard for all trans-
plantable organs. Although differences between organs in their sensitivity to ischemic damage and
their individual requirements for optimal preservation certainly exist, these differences are out-
weighed by the universally protective effects of the major components of UW.101 

UW has proven to guarantee extreme long cold-ischemia tolerance — 72 hours in kidneys98

and certainly 48 hours in livers.94 This solution was also tested prospectively in a multicenter
European trial, in which UW was found to be superior to EC by decreasing the rate of delayed
graft function from 33% to 23%.201 The clinical success of UW and its variants in heart and lung,
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liver, pancreas, kidney, small bowel, and organ cluster grafts has made it the preferred solution and
the gold standard for multiple-organ harvest in the 1990s.177,183,202–204 A multicenter trial in Europe
comparing UW with EC showed that UW preservation gave more rapid recovery of renal function
and less posttransplant dialysis201; other studies showed equivalent function of kidneys preserved
by UW and Collins’ solution in a randomized prospective clinical trial.205 UW has been shown to
diminish the trapping of erythrocytes in the microcirculation.206 The effects of UW on protecting
nonparenchymal cells in kidney, liver, and pancreas may be important aspects of the solution’s
abilities to provide extended preservation, rather than effects on the more easily preserved paren-
chymal cells.

9.9.1.5 Bretschneider’s Histidine-Tryptophane-Ketoglutarate Solution

Histidine-Tryptophane-Ketoglutarate solution (HTK) was introduced by H.J. Bretschneider from
Göttingen, Germany, primarily as a physiologic cardioplegic solution,105 and was subsequently
shown to be effective in the experimental and clinical preservation of the kidney207 and liver.202

HTK contains relatively impermeable amino acids and other solutes (Table 9.5); its main com-
ponent is histidine, with added mannitol, tryptophane, and alpha-ketoglutarate, with low elec-
trolyte concentrations of sodium, potassium, and magnesium. Histidine is an excellent buffer,
and tryptophane, histidine, and mannitol can act as free-radical scavengers. The HTK solution
has a very low viscosity, and according to Bretschneider, high volumes at a low flow rate should
be applied to guarantee “equilibration.” HTK has been tested in clinical trials. The solution has
given a low incidence of delayed function in kidney transplantation clinically and was shown to
be better than EC in kidney transplantation in a prospective randomized clinical trial.208 Eurotrans-
plant conducted a multicenter randomized prospective trial comparing UW with HTK; the results
show that both solutions have the same efficacy at the endpoint of delayed graft function.209

Clinical use of HTK in liver preservation is documented by single-center experiences,210 which
show the same safety and efficacy profile as UW, at least in the time range of below 24 hours
cold ischemia time.211 

TABLE 9.5
Bretschneider’s Histidine-Tryptophane-
Ketoglutarate Solution 

mM/L
Histidine-Tryptophane-Ketoglutarate

Solution

Na+ 15
K+ 9
Mg++ 4
Cl 26
Histidine 198
Tryptophane 2
Alpha-ketoglutarate 1
Mannitol 30
Osmolality (mM/kg) 310
pH (0°C) 7.3
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9.9.2 STATIC HYPOTHERMIC STORAGE: EXTRACELLULAR SOLUTIONS

9.9.2.1 Celsior

The Celsior preservation solution created by Pasteur-Merieux is a mixture of the impermeant
inert osmotic carrier philosophy from the Belzer solution, using lactobionate and mannitol, and
the strong buffer philosophy from the HTK solution, using 30 mmol of histidine buffer. In
addition, Celsior also contains oxygen radical scavengers. From the electrolyte point of view,
Celsior is a high-sodium, low-potassium solution that is unique in this respect. Celsior has been
used clinically in cardiac conservation.212 Interestingly, the heart seems to require a high-
potassium solution, which raises the question as to whether there may be other organs that have
specific requirements.213

9.9.2.2 Other Extracellular Solutions

Solutions of extracellular electrolyte composition, such as plasma, saline, or Hartmann’s solution,
are unsuitable for prolonged (>12 hours) preservation but are often used to flush-cool kidneys in
situ during multiple organ procurement. They may also be used for cooling kidneys before imme-
diate transfer in living donor transplantation but are not recommended because alternative solutions
have been demonstrated to be markedly superior.101 Wallwork214 and low-potassium dextran solu-
tions are used in lung preservation as a variant of UW that may be considered an extracellular
solution; namely, reverse Na+/K+ UW or low-potassium UW. Stanford, Hopkins, and St. Thomas
Hospital solutions are extracellular solutions used in heart preservation.215

9.9.3 SUMMARY OF PRESERVATION SOLUTION DEVELOPMENT

In summary, EC has almost been abandoned because of the glucose disadvantage, whereas UW is
certainly the most used preservation solution for livers, kidneys, and pancreases, with excellent
clinical and experimental preservation data. UW can certainly be considered the current gold-
standard solution.216 However, it is not without its disadvantages — the high viscosity, price, and
difficult handling of numerous 1-L bags, and the fact that the radical scavenger glutathione is
gradually oxidized in the bags (presumably because of diffusion), encourage competitors to produce
new compounds with better cost-to-effect ratios. HTK has a firm place in cardiac preservation by
demonstration of equal safety and efficacy in preserving livers and kidneys, at least in the middle
and lower ranges of cold-ischemia time. HTK will be used more frequently, particularly with the
consideration of lower price and more easy handling aspects (HTK has recently been given approval
by the U.S. Food and Drug Administration for use in abdominal organs). The suggested high-
volume perfusion is not really necessary, and a calculation based on a total volume of 10 L for a
multiorgan donor shows significant cost reductions. Celsior is currently only used for cardiac
preservation.

Finally, although the basic aim of improved solutions is to extend storage times, clinical
application of this stratagem may be unwise because there is a relationship between storage time
on the one hand and the incidence of delayed function, rejection, and poorer long-term results on
the other.217 In an analysis of the influence of the ice storage time of first cadaveric renal transplants,
Collins’ suggested that the best results were seen with the shortest preservation times. In this setting,
living donor transplants do no better than what is projected for cadaveric transplants if storage
times could be reduced to only 3 hours. The inference is that the immunologic significance of the
preservation effect is of greater importance than histocompatibility, and it may be worthwhile to
search for components such as polyethylene glycol that affect long-term outcome as well as
immediate function.218 Table 9.6 has a listing of the components of the major current preservation
solutions for comparative purposes. Further information on development of presentation solutions
in the recent past can be found in (Chapter 2). 
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9.10 MACHINE PERFUSION PRESERVATION

The development of ex vivo perfusion as a means of sustaining organ function was extensively
evaluated by the Nobel prize-winning scientist Alexis Carrel and the aviator technologist Charles
A. Lindbergh in the 1940s. Their aim was to simulate normal physiologic conditions with ex vivo

TABLE 9.6
Comparative Composition of Organ Preservation and Rinse Solutions

Content (mmol/L) EC UW HTK CEL StTH2 RL CR CU

Glucose 180 — — — — — 10 67
Fructose — — — — — — 10 —
Adenose — — — — — — — 5
Lactobionate — 100 — 80 — — — —
Raffinose — 30 — — — — — —
Dextran (g/L) — — — — — — — 50
Mannitol — — 30 60 — — — —
Lactate — — — — — 28 28 —
Glutamate — — — 20 — — — —
Gluconate — — — — — — — 95
Ketoglutarate — — 1 — — — — —
Tryptophane — — 2 — — — — —
Phosphate 60 25 — — — — 1 25
Bicarbonate 10 — — — 10 — — —
Histidine — — 180 30 — — — —
Butylated hydroxyanisole — — — — — — — 0.05
Butylated hydroxytoluene — — — — — — — 0.05
Glutathione — 3 — 3 — — 3 —
Allopurinol — 1 — — — — 1 —
Adenosine — 5 — — — — 1 —
Desferrioxamine — — — — — — 1 —
HES (g/L) — 50 — — — — 50 —
Na+ 10 30 15 100 140 130 115 —
K+ 115 120 10 15 16 2.9 5 120
Mg++ 30 5 4 13 — 16 1.2 5
Ca++ — — 0.015 0.25 1.2 1.4–2.7 1.3 —
Cl – 15 — 50 — 139 109 112 —
Osmolarity* 406 320 310 360 300 325
pH at 4°C 7.1 7.4 7.1 7.3 7.8 7.0 6.5 7.6
Dexamethasonea (mg/L) — 8 — — — — — —
Penicillina,b — 0.2 × 106 — — — — — —
Insulina,b — 40 — — — — 100 —
Verapamil — — — — — — — 0.01
Nitroglycerin (mg/L) — — — — — — — 0.1
Heparinb — — — — — — — 10
Dibutyryl cAMP — — — — — — — 2
Nicardipine — — — — — — 0.002 —
MOPSc — — — — — — 20 —

EC: EuroCollins; UW: University of Wisconsin solution; HTK: Bretschneider solution; CEL: Celsior;
StTH2: St. Thomas Hospital solution; RL: Ringer’s Lactate; CR: Carolina rinse; CU: Columbia University;
HES: hydroxyethylstarch; *: in mOsmol/L; a: added prior to use; b: international units/L; c: 3[N-mor-
pholino]propanesulfonic acid.
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perfusion techniques.219 This concept was modified by Ackermann and Barnard,220 who provided
the isolated organs with continuous low-flow arterial circulation, using a perfusate primed with
blood and oxygenated within a hyperbaric oxygen chamber.

This technique was initially most widely used during the early days of clinical renal transplan-
tation.221 It has remained the preservation method of choice in some centers, and there is now a
resurgence of interest in the storage and assessment of ischemically damaged kidneys obtained
from non-heart-beating donors.222 Continuous perfusion aims to simulate conditions in vivo: The
organ can be continually supplied with oxygen and nutrients; waste products are continuously
removed. However, the method is complex, costly, and more liable to complication (by technical
error or aseptic breach) than is simple static cold storage. Perfusion techniques still provide the
maximum extension of successful storage of most organs. The essential requirements are sterile
nonthrombogenic and nonallergenic delivery tubing, an organ chamber, a pump and heat exchanger,
a mechanism for oxygenation (membrane oxygenation or surface diffusion), appropriate monitoring
of perfusate temperatures and pressures, and an effective perfusion fluid (Figure 9.6).

However, the complexity of the method precluded its general use. Elimination of the hemoglobin
and hyperbaric chamber components by Belzer et al. resulted in satisfactory kidney preservation
for up to 2–3 days.223 The asanguineous perfusion technique eventually was abandoned in most
kidney transplant centers when it was learned that the quality of 2-day preservation was no better
than with the simpler static methods. Nevertheless, it is expected that the refinement of perfusion
technology will someday permit true organ banking.77

Stable solutions were needed to enhance the rapidity and uniformity of cooling by perfusion
and to provide solutes that improved preservation of vasculature, parenchyma, and interstitium.
Blood was demonstrably not the ideal medium: Cold blood adds rheological problems of greater
viscosity and sluggish flow.172 Simple balanced electrolyte solutions mimicking the extracellular
milieu, such as Ringer’s-lactate solution or saline, were shown to be unsatisfactory organ-preserving
solutions that exacerbated interstitial and cellular edema. For continuous perfusion, attention was
then directed by Belzer and others toward plasma-like solutions containing albumin, dextrans,

FIGURE 9.6 A schematic representation of a generic organ perfusion circuit. Perfusate flows in the region
of 1–3 mL/g per minute would be expected. A reliable pump system is essential, whereas other components
(such as tubing, oxygenator, etc.) would need to be disposable in the clinical setting. Trapping of any circulating
debris with an in-line bubble trap or filter before it enters the vasculature of the organ is also important.
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starch, or other colloids (combined with extracellular electrolyte content) to provide oncotic support
and to prevent interstitial edema.

Cold perfusion has shown a greater capacity to revive and resuscitate organs previously damaged
by warm ischemia. This is this method’s area of greatest potential, together with the prospect of
potentially infusing immunosuppressants or agents capable of deleting antigen-presenting cells
before implantation.

All perfusion storage is carried out between 4° and 9°C, and the perfusion circuit must
include a heat exchanger to maintain hypothermia. A reliable pump is essential, and the original
Belzer pump provided physiological pulsatile flow, but such flow does not appear to be essential.
Nonpulsatile pumps have been equally effective.224 The commonly used equipment provides
nonphysiological pulsatile flow at a pressure of 20–60 mm Hg and an average flow of 1–6 mL/g
per minute.101 

Oxygenation is a feature of some perfusion storage circuits. Some systems include a
membrane oxygenator (e.g., Belzer and early Waters machine); other systems rely on surface
oxygenation (e.g., Gambro) and appear to be equally reliable. A mixture of air or oxygen with
added carbon dioxide is essential for membrane oxygenators to maintain pH as well as oxygen
tension. Surface oxygenation is possible without added carbon dioxide. The perfusates must
pass through a bubble trap before reaching the organ.101 More recently, air equilibration without
added carbon dioxide has become routine, with the introduction of Belzer’s machine perfusion
solution, and a new generation of portable hypothermic perfusion machines has been developed
(see Figure 9.7 and also Figure 9.8).

FIGURE 9.7 A schematic representation of a Waters kidney perfusion circuit. Controlled perfusion of two
kidneys can be undertaken, cooling the perfusion medium via a heat-exchanger circuit passing through the
ice chest. Perfusion pressure and renal resistance can be continually monitored. Oxygenation is achieved by
aeration of the thin film of perfusate, held in the middle chamber and mixed by a rocking motion. (Schematic
provided by D. Schollman, Waters Medical Devices, Rochester, MN.)
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The compositions of solutions for continuous perfusion storage are provided in Table 9.7.
Blood has no advantages and considerable disadvantages in hypothermic perfusion. Cold blood
introduces problems of increased viscosity, resistance to flow, and aggregation of platelets and
red blood cells. 

Cryoprecipitated plasma223 derived from blood treated with the anticoagulant acid-citrate-
glucose, with added magnesium sulphate and mannitol, provides good preservation for 3 days.
However, the preparation of this perfusate is time consuming and difficult to standardize; thus,
other plasma-derived solutions were developed — plasma protein fraction225 and silica-gel fraction
plasma110 — but these have largely been superseded by the gluconate-based (Belzer-type) solutions.

9.10.1 COLLOIDS

A colloid of molecular size similar to or exceeding that of plasma protein is essential for the
continuous machine perfusion preservation needed for providing oncotic vascular support. Omission
of colloid leads to progressive transcapillary passage of perfusate into the interstitium by ultrafil-
tration, causing explosive weight gain and edema of the organ, increased resistance to perfusion,
and early organ failure.172

Machine perfusion has been applied most extensively to kidney preservation. Belzer and
colleagues in the 1960s demonstrated the effectiveness of cryoprecipitated plasma thawed and
passed through a membrane filter. Subsequently, perfusates based on purified albumin (MW 68
kDa) were shown by Johnson and Toledo-Pereyra to be equally effective.224,225

Substitutes for these biological colloids were sought to make perfusate preparation easier and
to eliminate the risk of transmitted viral infection. The most widely applied synthetic colloid,
subsequently used by Belzer and Southard in developing UW, was HES. A UW developed for
continuous perfusion, containing HES, has been effective in extending the preservation of canine
kidneys by machine perfusion for 7 days. Dextrans are synthetic macromolecules derived from
bacterial digestion of starch, and they occupy a spectrum of molecular size from 40 to 150 kDa.
Perfusates using Dextran 70,000 or Dextran 40,000 have been successful in the preservation of

FIGURE 9.8 A portable LifePort™ hypothermic kidney perfusion apparatus. The LifePort™ Kidney Trans-
porter, a portable hypothermic perfusion device (Organ Recovery Systems, Des Plaines IL), opened to show
the kidney placed in the sterile disposable cassette (center). The system comprises online recording for renal
temperature, pressure, and flow. The perfusion solution is KPS-1, Belzer’s Kidney Perfusion Solution with
HES (see Table 9.7). Photo provided by Organ Recovery Systems.
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kidneys and other vascularized organs. PEG, an impermeable polymer also available in a range of
molecular sizes, has been used by Collins to develop solutions suitable either for perfusion or for
flushing. PEG also has been suggested to have additional effects in diminishing the intensity of
the immune rejection response.226 Colloids, although essential for perfusion preservation, are neither
necessary nor advantageous for simple hypothermic storage. In any case, the colloid in a flush
solution is usually regarded as an inert component included only for its oncotic properties. PEG
appears to be an exception to this rule. When PEG 20,000 was substituted for HES in UW, the
resulting solution, known as Cardiosol, was found to be significantly superior to UW for 24-hour
heart preservation.227

9.10.2 IMPERMEABLE SOLUTES

Solutes that are impermeable or are only slowly permeable to cellular membranes are a vital
component of preserving solutions — whether used for cold-flushing or for continuous perfusion.
Impermeable solutes are required at concentrations of up to 140 mM to counteract the effect of
diminished cell membrane ion transport in the cold. Large inert molecules, metabolically and
nutritionally unavailable to cellular physiological processes, have been most effective. Gluconate
(for perfusing and flushing solutions, MW 196) and lactobionate (for flushing solutions, MW 358)
have been very successful; other polysaccharides and disaccharides (raffinose, MW 594; sucrose,
MW 134; maltose, MW 360; trehalose, MW 378) and chelates of citrate and magnesium have also
been very effective for static flush but not so important for continuous perfusion, and metabolizable
monosaccharides (glucose, fructose) have been less effective, and colloids alone are not effective.172

Other agents, which diffuse into cells, but at a slower rate than do simple electrolytes, have
also been used. Amino acids (glutamine, MW 146; histidine, MW 155; tryptophane, MW 204;
aspartate, MW 133; glycine, MW 75) and fatty acids (linoleic acid, MW 280) have also been used
in successful solutions.172

TABLE 9.7
Perfusates for Perfusion Storage

mM/L

Albumin-Based Solutions
HES-Based (UW)

Solutions*
Belzer Citrate Sucrose HES-gluconate

Na+ 140 78 77 140
K+ 25 84 — 25
Mg++ 5 40 — 5
Cl 40 1 38 —
Bicarbonate — — — —
Citrate — 54 — —
Gluconate 85 — — 85
Phosphate 25 — 25 25
Sulphate — 40 — —
Glucose 10 10 10 10
Mannitol — 54 — —
Sucrose — — 100 —
Albumin (g/L) 37.5 50 50 —
HES (g/L) — — — 40–50
Glutathione 3 — — 3
0smolality (mM/kg) 305 300 300 350
pH (0°C) 7.5 7.1 7.1 7.1

* HES = synthetic colloid, UW = University of Wisconsin
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9.10.3 ELECTROLYTES

Originally based on extracellular solutions that were high in sodium and chloride, the composition
of preservation solutions subsequently saw a swing of the pendulum to solutions that were high in
potassium and phosphate (intracellular type) and then back toward normal extracellular concentra-
tions of sodium and potassium as some of the potentially deleterious consequences of very high
potassium levels were appreciated. Cold-induced paralysis of cell membrane pumps requires the
chloride anion to be reduced and replaced by less permeable anions — gluconate, lactobionate,
citrate, and phosphate. Apart from these measures, electrolyte content is of relatively little impor-
tance. Potassium in the original intracellular concentrations of 125–135 mM is markedly vasocon-
strictive and potentially harmful to the vascular endothelium. Solutions lower in potassium and
higher in sodium (sodium 130 mM, potassium 5–30 mM) have been equally effective. Magnesium
has been a useful additive in some solutions. Calcium tends to precipitate with phosphate and has
been excluded from solutions or added in minute concentration. Successful solutions have been
isosmolar or hyperosmolar.172

The hydrogen ion concentration again has not been a critical factor, although extremes of acidity
and alkalinity have diminished effectiveness. All successful solutions use one or more buffers —
bicarbonate, phosphate, citrate, and many others — but intracellular acidosis and its correction
have not wholly correlated with effectiveness of solutions.172

9.10.4 OXYGENATION

During perfusion storage, some nutrient substrate has been regarded as essential, together with
continuous oxygenation. Oxygen can be supplied by the use of membrane oxygenators or by passing
a stream of humidified gas across a thin film of flowing perfusate. At hypothermic temperatures,
equilibration with air may provide sufficient oxygen to stimulate aerobic energy production in some
situations,228 but for large organs, extra oxygenation may be essential. Mixtures of oxygen and
carbon dioxide can also be used to stabilize the pH of the perfusing solution if a bicarbonate buffer
is included, but newer perfusion solutions, such as the Belzer gluconate-based solution, do not need
carbon dioxide for pH control.

The addition of oxygen during storage can also be achieved by another technique, which is not
classic perfusion, but does use the vascular bed of the organ — this technique is called venous
oxygen persufflation. In venous oxygen persufflation, cold, humidified, oxygen-rich gas is supplied
at hypothermic temperatures and low controlled pressure via the venous system (e.g., in the kidney,
via the renal vein).229 Fine-needle punctures on the surface of the organ allow a more even diffusion
of gas to peripheral regions and the escape of gas during storage. This method is sufficient to
promote ATP synthesis.230 The organ may need to be immersed in preservation solution to avoid
drying. Persufflation of the kidney during storage has shown some experimental advantages,
especially in organs that have been damaged by prior warm ischemia,231 but only one clinical trial
has so far been undertaken.232

Another means of enhancing oxygen supply is the use of synthetic perfluorochemical polyols
to substitute for erythrocytes in facilitating oxygen transport. These agents have been used for
continuous machine perfusion233 and also for static storage, in which oxygenation by diffusion may
be achieved in smaller organ masses such as the pancreas. In this latter procedure, these agents
have been helpful in enhancing oxygen delivery to stored organs balanced at the interface between
two solutions of different physical characteristics — one containing the synthetic fluorochemical.
The method has been shown to enhance pancreatic storage in particular.234,235

The application of oxygenation during cold preservation, particularly by persufflation, does
raise the issue of benefit (sustained aerobic energy metabolism) versus risk (oxidative stress). To
this end, it has been shown that the addition of extra anti-free-radical agents (in addition to
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glutathione present in many preservation solutions) can have beneficial effects. For example,
superoxide dismutase has been shown to improve experimental oxygen persufflation.236

For perfusion, substrates such as glucose (10 mM) are often used, sometimes enriched with
fructose, pyruvate, amino acids, fatty acids, phosphates, adenosine, and other high-energy com-
pounds or precursors; for example, the addition of adenosine- and phosphate-enhanced ATP syn-
thesis during hypothermic liver perfusion.237 However, even during optimal oxygenated hypothermic
machine perfusion, aerobic metabolism may not be fully restored during storage.102

9.11 ADDITIVES TO PRESERVATION SOLUTIONS

In general, colloid is necessary for machine perfusion, but not for simple storage. Extended
preservation times by perfusion require suitable nutritional precursors and oxygen supply. Other-
wise, prerequisites for machine perfusion solutions, and for solutions used for cold flushing before
hypothermic storage, have been similar. The major requirements have been suitable impermeable
solutes (anions or non-electrolytes) replacing permeable chloride, together with a suitable buffer
system.

The role of nutrient substrates during static storage, and on reperfusion, is also unclear.
Substrates are not obligatory — solutions containing no utilizable metabolic fuel can give excellent
preservation of most organs for 24 hours, and in the case of the kidneys, for up to 3 days
experimentally with PBS solution. In contrast, substrates capable of supporting anaerobic glycolysis
(such as fructose) have been shown to be beneficial in some experimental situations.238

Static storage normally implies anaerobic conditions with progressive fuel depletion. Precursors
of ATP added to flushing solutions (such as adenosine, adenine, inosine, and phosphate), ATP
itself,239 or high-energy intermediates such as fructose 1,6 bis phosphate240 have been shown helpful
in some experiments. Whether these agents are acting by increasing the availability of high-energy
compounds or by some other metabolic or hemodynamic manner is uncertain. In contrast, nutritional
depletion in experimental conditions can enhance tolerance to ischaemic damage. Glycogen-
depleted livers from fasted rats showed resistance to ischemic injury and better survival after
transplantation.241

Small concentrations of added agents that quench or scavenge oxygen free radicals, antioxi-
dants, calcium-channel blockers, and other pharmacologically or metabolically active compounds
can help as adjuvants in increasing ischemic tolerance. In UWs, allopurinol, glutathione and
adenosine have been demonstrated to be helpful — insulin and steroids appear of no benefit. Other
additives have included cytokines, prostaglandins, leukotrienes, lazaroids (aminosteroids) and their
intermediaries, hormones, chlorpromazine and other benzodiazepines, nitric oxide, interleukins,
TNF antagonists, and other growth factors.172 For example, prostaglandin analogue (Iloprost) was
shown to enhance ATP recovery when added to the cold reperfusion solution in experimental porcine
liver preservation130 (see Figure 9.9). Most recently, the addition of a mixture of trophic factors
during cold preservation has shown promise in experimental work.242

Storage-reperfusion injury affects endothelial cells and activates neutrophils and macrophages
(e.g., Kupffer cells in liver). This injury leads to the expression of cell adhesion molecules, leukocyte
and platelet adhesion, and exacerbation of reperfusion injury. Kupffer cells are a main source of
oxygen radicals and also release other proinflammatory mediators, such as TNF-α, interleukins 1
and 6, eicosanoids, and nitric oxide. Agents suppressing TNF-α formation include calcium channel
blockers, pentoxifylline, adenosine, and prostaglandin E, whereas liposaccharides from bacteria
are stimulatory.172
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9.12 STORAGE TEMPERATURE

Organs surrounded by preserving solution and stored and transported in a container of crushed ice
maintain a storage temperature of melting ice (0°–2°C). Storage temperatures above 0°C aim to
diminish cold-induced membrane paralysis while maintaining the protective effects of hypothermia.
Temperatures above 15°–20°C have usually been considerably less effective than 0°C. Temperatures
for continuous perfusion have been maintained between 4°C and 10°C. The optimal storage
temperature of nonparenchymal cells may differ from that required by parenchymal cells, perhaps
over quite a narrow range. In rat liver preservation, 48-hour storage was possible by simple
hypothermic storage at 4°C but not at 0°C.243 Differences in effectiveness between various solutions
(UW, sucrose, citrate) were less marked during storage at 4°C than at 0°C.

These results indicate a greater sensitivity of endothelial cells to cold damage than occurs with
parenchymal cells, and temperatures around 4°C may be optimal for hypothermic storage.172 Storage
at 4°C could be simply obtained by the portable electrical refrigerator storage of organs surrounded
by cold liquid rather than by ice, but this would require good temperature control within the system,
as air is a poor conductor of heat. Such equipment has been used in experimental studies244 but not
clinically examined yet to any great degree. 

9.13 PRE-REPERFUSION RINSE SOLUTIONS

A prevascularization flush-out or rinse at the conclusion of the storage period, just before reim-
plantation, has two main aims: first, to remove potentially toxic components of the preservation
solution and accumulated waste products (e.g., high levels of potassium and hydrogen ions) or to
prevent a large intracardiac bolus of cold fluid on clamp release. Second, rinsing aims to smooth
the transition between hypothermic storage and isothermic revascularization. Anastomosis can be
tested before revascularization by intravascular wash-out before final clamp release. This process
has been most studied in relation to the liver. One method allows blood to flow to the liver via the
portal vein, venting the initial effluent from the infrahepatic vena cava before completing this
anastomosis, and finally releasing the clamp on the suprahepatic vena cava. Alternatively, the organ

FIGURE 9.9 Changes within ATP following hypothermic reperfusion with Iloprost. Absolute changes asso-
ciated with ATP following liver storage (X), hypothermic reperfusion (HtR) (Y), and cessation of HtR (Z);
controls (�); and Iloprost (�). Changes are normalized to total phosphorous signal, which remains constant
throughout the experimental protocol, and are shown as mean ± SE, n = 5. A greater efficiency for ATP
resynthesis was seen with inclusion of Iloprost.
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can be reflushed via the portal vein or hepatic artery with a cold or warm electrolyte solution (e.g.,
Ringer’s-lactate) or with albumin before clamp release.245

Carolina rinse solution (CR), developed by Lemasters and colleagues at the University of North
Carolina, maintained the basic electrolyte composition of Ringer’s lactate, but had added compo-
nents and provided better results than a simple electrolyte rinse (see Table 9.8).246,247 CR combines
extracellular electrolyte composition with a mildly acidic pH, oncotic support (albumin or HES),
antioxidants (allopurinol, glutathione, desferrioxamine), energy substrates (adenosine, glucose and
insulin, fructose), vasodilators (calcium channel blockers), and glycine. As with UW, it was not
clear which of the several components were effective and whether the effects were the result of
the beneficial effects of the CR or the potentially harmful effects of a Ringer’s-lactate rinse.248

Analysis of the various components and techniques indicates that the temperature of the rinse
solution is preferably above the required cold-storage temperatures of 0°–4°C; rinses at ambient
temperatures (20°C) and at body temperatures (37°C) have given better results. The preferred pH
of the rinse may be slightly acidic (pH 6.8). Components that seem unnecessary are colloid (HES
or albumin), nicardipine and magnesium, glucose, fructose, and insulin. Beneficial agents include
adenosine, allopurinol, desferrioxamine, glutathione, and glycine, possibly acting through free-
radical scavenging and quenching.247,249–251

Similarities between these findings and those with UW are apparent. Whether a CR rinse has
advantages over a prereperfusion second rinse with a UW-derived, low-potassium, sodium lacto-
bionate and sucrose solution used for storage is not yet established, nor is the effect of CR on other
vascularized allografts yet known.

TABLE 9.8
Ringer’s Lactate and Carolina Rinse Solution

mMol/L Ringer’s Lactate Carolina Rinse

Na+ 130 115
K+ 2.9 5
Mg++ 16 1.2
Ca++ 1.4–2.7 1.3
Cl – 109 112
Glucose — 10
Fructose — 10
Lactate 28 28
Phosphate — 1
Glutathione — 3
Allopurinol — 1
Adenosine — 1
Desferrioxamine — 1
HES — 50
Insulin (IU/L)a — 100
Nicardipine — 0.002
MOPS (3[N-morpholino]propanesulfonic acid) — 20
Osmolarity (mOsmol/L) 300
pH at 4°C 7.0 6.5

 a Added prior to use.
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9.14 PRESERVATION OF INDIVIDUAL ORGANS FOR CLINICAL 
TRANSPLANTATION

At present, vascularized grafts are most commonly and optimally preserved by static hypothermic
storage, which for kidney, liver, and pancreas provides effective storage and likelihood of immediate
function for up to about 24 hours of storage. Extended storage times beyond this are more liable
to poor early function. Perfusion preservation for kidneys is relevant to such extended storage and
also for resuscitation of ischemically damaged organs from asystolic cardiac donors with significant
warm ischemic damage.

9.14.1 KIDNEY

The effectiveness of kidney preservation is measured by the quality of early kidney function after
transplantation. Factors affecting that quality of preservation include donor management, nephre-
ctomy technique, warm ischemia time, total renal ischemia time, and the anastomosis time.252

Prospective, randomized clinical trials using preservation times averaging around 24 hours have
shown no significant differences in early function or in long-term survival between machine
preservation and simple cold storage.171,253 Extended cold-storage times of up to 2 and 3 days,
although still capable of giving satisfactory results, are accompanied by an increased frequency of
acute tubular necrosis (ATN) as storage times lengthen beyond 24–48 hours. Although in experi-
enced units, delayed initial function is compatible with good long-term results, the advantages of
immediate good renal function with a maintained urine output and rapid correction of azotemia
after transplantation are striking. Clinical management is markedly facilitated, with earlier hospital
discharge and earlier recognition and treatment of rejection episodes. Kidneys with early ATN,
even when this is followed by adequate function, do less well in terms of long-term survival than
do kidneys functioning immediately, raising the likelihood that ischemically damaged kidneys may
be more prone to immunological rejection.

Thus, even with the kidney, in which dialysis can maintain patient survival in the face of poor
early function, good early function remains the paradigm of clinical organ preservation. Simple
hypothermic storage can give early function in the majority of grafts. Storage times over 48 hours
are rarely obligatory, except when organs are transplanted over very long distances.

UW-derived solutions (HES-free UW) have given successful static storage for 5 days in dogs.198

The gold standard for cadaver kidney preservation thus remains UW. Comparable results are
achievable by a variety of other solutions when preservation times do not exceed 24 hours. Thus,
for shorter anticipated preservation periods and for living-donor transplantation, UW, sucrose,
Collins’ solution, hypertonic citrate, and Bretschneider's solution can give equivalent results.172

9.14.1.1 Static Hypothermic Storage

The length of time that a kidney can be stored depends on both cooling to diminish metabolic
activity, and thus oxygen requirements, and on use of fluids designed to preserve the intracellular
milieu in the absence of a Na+/K+ pump. Cold flushing washes out the blood and enhances cooling
rate. As surface cooling is too slow and freezing would produce irreversible intracellular damage,
perfusion of preservation fluid at 2°–4°C is undertaken through the renal arteries.252 Cooling by
flushing through the aorta in situ can reduce renal core temperature to below 10°C in 3–5 min,254

compared with 20 min for an equivalent reduction by surface cooling.255 The preferred storage
temperature in rat and dog kidney preservation has been shown to be 0°C rather than 5°C or 10°C.
Very rapid cooling has been shown to be detrimental to rabbit kidneys,256 but such rapid rates of
cooling are not obtained in larger human kidneys.

A miscellany of preserving solutions of varying solute composition has been developed over
the last 30 years. Solutions of extracellular electrolyte composition, such as plasma, saline, or
Hartmann's solution, are unsuitable for prolonged (>12 hours) preservation but are often used to
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flush-cool kidneys in situ during multiple-organ procurement. These solutions may also be used
for cooling kidneys before immediate transfer in living-donor transplantation but are not recom-
mended because alternative solutions have been demonstrated to be markedly superior.101 Both the
original colloid-containing, high-potassium UW and the modified HES-free, high-sodium UW
without some adjuvants have been shown to be equally effective in kidney preservation.101

The recommended practice for cadaver kidneys is to submerge the organ in iced saline slush
after removal from the body and to complete the flush with cold-preserving solution at 0°C until
the effluent is clear of blood. The kidney is then surrounded with the perfusing solution, placed in
a sterile container — usually double plastic bags, and stored in ice in an insulated container.

Perfusion with normal saline would result in transmembrane influx of sodium, loss of potassium,
and rapid destruction of cellular integrity. A number of fluids have been designed that retain cellular
viability for many hours or days. Cellular edema is reduced by use of impermeant solute such as
mannitol, sucrose, or raffinose. Intracellular pH is preserved with buffers such as phosphate, citrate,
or lactobionate, and high concentrations of potassium prevent influx of sodium and water. Com-
monly used solutions are either isotonic and mimic the intracellular electrolyte composition (Col-
lins’, Marshall’s, EC), or hypertonic such as Ross citrate solution. Any of these solutions preserve
cold-stored kidneys for up to 24 or 48 hours.252

The UW solution is more complex and provides no clear advantage over other preservation
solutions for kidneys stored for up to 24 hours, but it may be more effective thereafter252 (see also
Section 9.9).

9.14.1.2 Oxygenated Perfusion

An alternative to cold storage of the perfused kidneys packed in ice is continuous machine perfusion.
In essence, a pump is used to recirculate either oxygenated synthetic stable albumin-based solution
or UW at temperatures between 5°C and 10°C. Good renal preservation for up to 72 hours has
been shown, but continuous perfusion has the disadvantage of being labor intensive and is unnec-
essary if the kidneys are transplanted within 24 hours of donation252 (see also Section 9.10).

Continuous perfusion preservation is only clinically used for the kidney and only at a few
centers. The balance of evidence indicates that this method provides better kidney preservation.
Early reports based on retrospective comparisons of machine perfusion and cold storage showed
no significant differences in allograft function after transplantation.257,258 However, these studies
may have been biased in favor of cold storage, as the practice at the time was to use machine
perfusion for much longer cold-ischemia times.259,260 In addition, little information was included
about the recipient patients and the institutions where they were treated.259 In prospective random-
ized trials, there was no statistical difference in the rate of delayed graft function,253 and when
delayed graft function did occur, machine-perfused kidneys showed earlier recovery and higher 1-
year graft survival,253 a beneficial effect of the machine-preserved kidney,261 and less acute tubular
necrosis was shown in the cold-stored organs when the preservation period exceeded 24 hours.262

Later trials have concluded that kidneys preserved by machine perfusion show better early
function than preservation by cold storage, and less dialysis requirement,263,264 which may correlate
with initial graft dysfunction and long-term graft survival.265,266 Early and long-term renal function
in kidneys preserved with hypothermic Belzer-MPS solution and machine perfusion has been shown
to be improved,267 and it is even advantageous after kidneys have been initially cold stored.268

Machine perfusion can provide longer successful preservation periods269–272 and may produce
significant savings from reducing delayed graft function and dialysis.273

One of the limitations of preservation by perfusion is that it becomes less reliable after 5 days
when considerable damage to the vascular endothelium can occur. This may be a result of hemo-
dynamic effects on the endothelium,99 loss of vital metabolites, derangement of calcium compart-
mentation, and accumulation of toxic products in the cell and in the perfusate. The restoration
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of cellular homeostasis also becomes more difficult after prolonged periods of hypothermic pres-
ervation.

Preservation periods were extended for canine kidneys to 6 days by a 3-hour period of normo-
thermic perfusion (either ex vivo or in vitro) at the halfway point.274,275 These observations have
been confirmed and extended in dog and rat kidneys; however, the underlying mechanisms are still
obscure.276,277 Provided damage during the period of normothermic perfusion can be avoided, this
method provides the means to restore metabolite deficits, reverse cold-inhibited enzyme systems,
and metabolize accumulated toxic products. A period of normothermic perfusion with blood is also
effective in “rescuing” kidneys damaged by a period of warm ischemia.278

The addition of metabolic inhibitors (e.g., quinacrine, a phospholipase inhibitor, and protease
inhibitors, relevant to mitochondrial function and calcium compartmentation) may also be of value
in prolonging kidney preservation up to 7 days.279 Thus far, 1 week has marked the limit of successful
kidney preservation by machine perfusion. UW, containing HES, has formed the basis of such
extension of preservation times; the UW-derived solutions (Table 9.7) can experimentally preserve
kidneys (with minimal warm ischemia) reliably for 5 days by ice storage after a simple flush and
for 7 days by continuous machine perfusion. Hypothermic perfusion has no significant advantages
experimentally or clinically over static hypothermic storage for 24-hour preservation of kidneys
procured with minimal warm ischemia. However, the recent resurgence of interest in use of kidneys
from non-heart-beating donors has stimulated renewed efforts to provide reliable portable perfusion
technology; an example of this is shown in Figure 9.8 (see also Figure 9.7).

9.14.2 LIVER

9.14.2.1 Static Hypothermic Storage

The introduction of UW revolutionized liver transplantation. Previous solutions had given successful
preservation for only 8–16 hours in canine, porcine, or rodent models. UW allowed reliable and
near-100% successful preservation in dog and in rat livers for 24 hours. Extended preservation to
30–48 hours was also possible experimentally, but with less adequate initial function.172

Clinical practice requires immediate function for liver grafts. At present, 80% or more grafts
function adequately, but about 10% show initially poor graft function, and about 5% have permanent
nonfunction of the graft, necessitating life-saving retransplantation. Factors influencing and respon-
sible for poor initial function include fatty change in the donor liver, older donor age, preliminary
liver reduction surgery, and longer cold storage.203 Although storage for 24 or 30 hours can give
good early function, it is thus preferable to keep storage times to under 12 hours for optimal
results.280

Benchmark clinical practice remains hypothermic storage using UW. Modifications without
HES and with reversed Na+/K+ ratio are equally effective. When using high-K+ UW for preservation,
a prevascularization rinse with a further washout solution is desirable. CRs are preferable to a
Ringer’s-lactate rinse.281 Important considerations, whatever the composition of the solution, are
that a brief prevascularization rinse should be at room or body temperature and that a basic
extracellular crystalloid rinse composition can be enhanced by addition of adenosine, allopurinol,
desferrioxamine, and glycine. Other additions to UW have been pentoxifylline, chlorpromazine
and calcium-channel blockers, prostaglandins, eicosanoids, and lazaroids. Future modifications are
likely to incorporate these and other additives to storage and rinse solutions, together with glycine
and reversed Na+/K+ electrolyte content.

9.14.2.2 Oxygenated Perfusion

In the early 1960s, as liver transplantation was approaching clinical reality, Sicular and Moore
investigated various methods of cooling and preserving organs by measuring glucose metabolism
and carbon dioxide production.282 The researchers reported surprisingly good maintenance of
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function in livers perfused with acellular, oxygenated perfusate at 15°C. In 1963, Starzl used femoro-
femoral, extracorporeal perfusion to preserve canine organs at 12°–15°C with autologous blood.88

Using this technique, function was limited to 6 hours for the kidney and 2 hours for the liver. In
these experiments, perfusion was initiated after cessation of blood flow without flushing the organ
in vivo; this created a period of warm ischemia. In vivo–isolated perfusion of the liver with
oxygenated blood at 10°–18°C was used to preserve canine livers for up to 5 hours before successful
transplantation.283 By 1967, the combination of continuous perfusion and hypothermic storage
brought organ preservation to a new level. Using oxygenated plasma pumped in a pulsatile fashion
at 8°–12°C, canine kidneys were successfully preserved for 72 hours, as described by Belzer and
colleagues in a landmark paper.223 Since then, perfusion has recently undergone a revival, with
livers being perfused in increasingly complex circuits284 for increasingly longer periods284–287 and
at increased temperatures (see also Section 9.15.2).

The use of machine perfusion applied to the liver presents a logistical concern because of the
dual blood supply. Pulsatile perfusion of the artery alone using balanced salt solution at 4°C and
4 atmospheres pressure of oxygen gave marginal results in canines in 1967.288 Bretschneider
perfused both the portal vein and hepatic artery with a perfusate composed of half autologous blood
and half preservation solution under refrigerated, hyperbaric conditions. In this experiment, in
canines, the organ was flushed in vivo before being placed on the machine and subsequently
transplanted. All five animals survived with excellent hepatic function after 8–9 hours of machine
preservation. Three of five survived after 24 hours of preservation.289 The method was successfully
applied in seven patients, with periods of liver preservation lasting from 4 to 7 hours. All seven
patients survived the first postoperative week.290 This effective technique never gained widespread
acceptance on account of logistical constraints, but it marked the first successful machine preser-
vation of the liver and emphasized the importance of perfusing the portal vein and flushing the
organ in vivo.

Subsequent introduction of Collins’ solution and successful preservation with static HIP (hypo-
thermic ischemic preservation) moved the clinical focus away from OP (oxygenated cold perfu-
sion).86 Clinical priorities then moved toward the logistic advantages of HIP, which enabled rapid
and economic distant procurement and transport of organs.

Belzer later focused his OP work on the liver, using the porcine liver with the same cryopre-
cipitated plasma and hypothermic temperatures already used in kidney perfusion. This method
involved continuous portal flow and pulsatile arterial flow. Four of five animals survived transplan-
tation for 7 days after 8–10 hours of preservation, but only 2 of 12 survived beyond 12 hours when
the preservation period was extended to 24 hours.291 Similar results have been seen in canines.292

The 24-hour barrier of OP in livers was achieved in 1973 by reports of 24- and 48-hour preservations
of the canine liver. The reported technique involved arterial and portal perfusion of hypothermic,
oxygenated plasma with the addition of corticosteroids. Twelve of 19 dogs survived 5 days in the
24-hour group, and 2 of 19 survived in the 48-hour group.293,294

Rat livers were perfused for 20–24 hours at 10°C with a perfluorocarbon emulsion in the
perfusate.295 Long-term survival (88–370 days) was achieved in five of nine rats in the fluorocarbon
emulsion group, whereas the longest survivor in the control group lasted 5 days after transplanta-
tion.295 An advantage of machine perfusion over HIP is the ability to provide a continuous supply
of the substrates necessary for cellular functions. These results emphasize the need to enhance the
benefits of continuous perfusion with the addition of oxygen.

The best results to date in liver preservation by machine perfusion were obtained by Belzer’s
group, which used only the portal vein to perfuse canine livers for 72 hours at 5°C.296 This study
showed the feasibility of using OP to achieve substantially longer preservation periods than can be
achieved with HIP.
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9.14.3 HEART

A shortage of organs, a relatively short acceptable ischemic time, and the serious perioperative
consequences of inadequate preservation, as evidenced by a primary organ failure rate of 25% of
early-recipient deaths, underline the importance of optimal hypothermic preservation techniques,
in addition to rigorous selection criteria for donor hearts.297

Experimental studies have demonstrated satisfactory preservation of cardiac allograft function
after 24 hours of storage, which, unfortunately, has not translated into successful extension of
preservation times in man. Current clinical preservation techniques generally permit a safe ischemic
period for cardiac allografts of 4–6 hours. The disparity between experimental and clinical studies
may be attributed to several factors. First, it is imperative that cardiac allografts function immedi-
ately on implantation, achieving near-normal functional capacity in the early postoperative period.
Second, unlike the kidney and liver, the heart poorly tolerates depletion of ATP. Third, the status
of the human donor allograft at explantation is an additional factor not accounted for in laboratory
studies, with virtually all experimental studies performed using allografts from normal donor
animals that do not take into account baseline injury before explantation. It is now clear that
significant injury can result from suboptimal management of the donor before allograft procurement.
Furthermore, with the increasing acceptance of marginal and older donors, in an effort to boost the
number of available organs, there is an unavoidable increase in baseline coronary artery disease.
Optimal donor selection and management must now be considered integral components of allograft
preservation.297

Preservation injury in the heart is multifactorial. Factors contributing to the severity of post-
operative allograft dysfunction include insults associated with suboptimal donor management,
hypothermia, ischemia-reperfusion injury, and depletion of energy stores. It has been suggested
that organ preservation commences with meticulous treatment of the donor. Hemodynamic insta-
bility, loss of thermal regulation, and metabolic derangements accompanying brain death complicate
the care of these patients (see also Section 9.8.1.3). Electrolyte imbalances exacerbate allograft
edema and predispose the donor to dysrhythmias. Microinfarctions develop as a result of hypoten-
sive and hypertensive episodes. It is important that aggressive efforts are taken to minimize these
sequelae of brain death to ensure the potential suitability of the organ for transplantation and to
decrease the likelihood of early and late dysfunction of implanted allografts. Selection and man-
agement of the donor candidate is at least as important as the preservation technique used.

The cardiac graft is further subject to injury at procurement. Excessive handling of the allograft
during procurement may predispose the manipulated tissues to more severe preservation injury.
Maintenance of allograft hypothermia and avoidance of extended exposure to air are also important
for optimal preservation. Hypothermia is the cornerstone of current organ preservation. Unfortu-
nately, it also contributes to the untoward cellular changes characteristic of ex vivo organ storage.298

The hypothermic inactivation of the Ca+ ATPase and Na+/K+ ATPase results, in part, in the seques-
tration of calcium and the leakage of water across the sarcolemma and into the cellular organelles,299

respectively. Cardiac muscle is also very sensitive to depletion of energy stores during preservation.
Static cold storage inevitably results in the exhaustion of high-energy phosphate stores. Without
exogenous substrates for energy metabolism, the cardiac allograft must resort to finite glycogen
and lipid stores, contributing to the limitations of safe storage times.

The predominant histological changes associated with heart preservation injury are myocardial
edema bands and ischemic contracture. Contractures result from energy depletion and oxygen free-
radical-mediated injury to intracellular organelles, with subsequent disturbance in calcium homeo-
stasis. Mitochondrial damage exacerbates the progressive depletion of energy stores by further
reduction in ATP availability. Altered membrane permeability and a reduction in Ca+ ATPase activity
in the sarcoplasmic reticulum, in conjunction with this decrease in high-energy phosphates, results
in sluggish resequestration of calcium and, in turn, prolongation of diastolic relaxation. Cytosolic
free calcium accumulates and binds with tropomyosin, creating a high-affinity state between actin
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and myosin. With ATP depleted, the actinomycin cross-bridges are unable to be broken, resulting
in irreversible myocardial contractures. The resultant allograft dysfunction often presents as dias-
tolic stunning and reduced ventricular compliance in the early postoperative period. Endothelial
cell injury accompanying the global parenchymal insult may result in coronary vascular dysfunction.
Depositions of activated leukocytes and platelets in capillary beds of the donor heart contribute to
the development of the low-reflow phenomenon occasionally observed at reperfusion.

Medical management of cardiac donors is an integral part of organ preservation that is com-
plicated by the complex physiologic phenomenon of brain death and the need to coordinate
procurement with other organ transplantation teams. Optimal care requires that the donor be treated
as any other patient in an intensive care unit, with invasive hemodynamic monitoring, ventilatory
support, and meticulous attention to intravascular volume status and electrolytes, to avoid irrevers-
ible damage to the allograft, precluding transplantation.300

Despite more than 2 decades of investigation, no single preservation regimen of the heart has
yielded consistent, clinically superior preservation of allograft function. Hypothermia remains the
most important component of organ preservation and the only factor universally considered to be
essential,301 as it reduces cellular oxygen consumption, metabolism, and activity of hydrolytic
enzymes; increases allograft tolerance to ischemic insults; and stabilizes lysosomal membranes.
Because cellular metabolism continues during cold storage — albeit at a greatly reduced rate —
hypothermia can provide only a finite amount of protection before energy stores are eventually
depleted, and toxic metabolites accumulate as anaerobic metabolic pathways commence.

9.14.3.1 Static Hypothermic Storage

The addition of a single flush of cardioplegic solution before static hypothermic storage significantly
improves myocardial protection over hypothermia alone.302 At the time of organ procurement, a
bolus of cardioplegia solution is administered in standard fashion with a 14-gauge catheter proximal
to the aortic cross-clamp. Rapid topical cooling of the heart is achieved with cold saline poured
into the pericardial well. After explantation is complete, the allograft is sequentially placed in two
sterile bags, each filled with cold saline; a saline-filled air-tight container; and finally a standard
cooler of ice for transport. This simple technique provides excellent short-term myocardial protec-
tion and is the primary method used by more than 90% of transplant centers.297 This simple technique
of static hypothermic preservation provides excellent protection for currently accepted safe ischemic
times. Target temperature for heart allograft storage is institution dependent and generally ranges
between 0°C and 7°C. Experimental evidence indicates that the optimal temperature for myocardial
protection approximates to 4°C — the temperature of melting ice.303 This evidence supports the
use of the simple, ice-slush static storage system. Because the temperature of the storage solution
likely falls below 4°C, and few centers actually monitor the temperature,304 the allograft should be
immersed in sufficient saline to avoid cryogenic injury. Supercooling or freezing techniques using
subzero temperature storage are being explored to extend the period of safe ischemic times.305

Efforts are focused on prevention of intracellular crystal formation and optimal thawing protocols
(see also 9.15.4). Cold saline is the most frequently used storage medium. In the Papworth heart
donor survey, storage in any nonsaline solution was correlated with a greater than twofold increase
in mortality.306 Controlled studies are necessary to confirm this finding. The time necessary to
perform implantation of the heart may account for a significant amount of the total ischemic time.
During this period, the allograft may be warmed by direct thermal transfer from adjacent thoracic
structures as well as from pulmonary venous drainage. Continuous aspiration of pulmonary venous
return may be achieved by insertion of a vent into the left atrium through the right superior
pulmonary vein or left atrial appendage. After completion of the posterior left atrial suture line,
topical cold saline irrigation is initiated, and the patient is oriented in a left-side-down, head-up
position to allow drainage of the saline away from the operative field and maximal exposure of the
left and right ventricles. It is essential that the dependent portions of the allograft remain immersed
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in cold saline and that any exposed regions be covered with cold saline-soaked gauze pads.297 To
shorten the allograft ischemic period, some centers perform the aortic anastomosis before that of
the pulmonary artery, permitting completion of implantation with the cross-clamp removed. How-
ever, others suggest that the additional 10 minutes of ischemia necessary to perform the pulmonary
anastomosis is a relatively short amount of time to exchange for greatly facilitating this important
anastomosis.297

9.14.3.2 Oxygenated Perfusion

In the search for methods to extend preservation times, the efforts of some early investigators were
directed toward developing a successful continuous-perfusion system for the explanted heart.307

The theoretical advantages of perfusion preservation over static storage are the presence of a
constant supply of oxygen and substrate for basal metabolic demands and the washout of toxic
byproducts of metabolism. Unfortunately, these potential benefits were often overshadowed by the
progressive increase in myocardial edema, in addition to the technical problems inherent in a
complex perfusion apparatus. It is unlikely that human cardiac allografts preserved with current
perfusion technology would be able to sustain recipients if transplanted orthotopically. Microper-
fusion techniques were proposed to reduce interstitial edema and associated diastolic dysfunction
accompanying continuous perfusion.308 They are characterized by perfusion at low pressures to
attenuate the intravascular hydrostatic component of Fick’s equation and thus reduce fluid extrava-
sation. Perfusate oncotic pressure may be enhanced with the addition of solution impermeants to
minimize edema further.

A compromise between single-flush and continuous perfusion cardioplegic delivery is a mul-
tiple-flush technique extended over the course of the ischemic interval.309 Although experimental
evidence suggests some improved parameters with intermittent perfusion, clinical application has
remained limited.

9.14.3.3 Composition of Perfusate and Storage Solutions

Historically, many solutions have been used for myocardial preservation, with varying success.
Because the optimal perfusate remains elusive, solutions of widely different compositions are
currently championed by their advocates.306

9.14.3.3.1 Cardioplegic Solutions
To date, cardioplegic solution has not been an independent predictor of mortality in multivariant
analysis.297 Current intracellular solutions for cardioplegia include EC, Belzer’s UW, and
Bretschneider (HTK) solutions.310 Early work with extracellular solutions as perfusate-storage
media failed because of the loss of endothelial integrity and the development of significant cellular
edema; however, addition of impermeants eventually permitted their successful use clinically.
Stanford, Hopkins, and St. Thomas Hospital solutions are the representative extracellular cardiople-
gic solutions.215 (See Table 9.6.) Of electrolytes included in cardioplegic-storage solutions, the
optimal concentration of potassium and calcium has stimulated the most controversy. In selected
situations, high concentrations of potassium have been associated with cellular injury, particularly
of the coronary endothelium. Nevertheless, most investigators agree that convincing evidence
demonstrating significant injury of the hypothermic cardiac allograft secondary to currently avail-
able hyperkalemic solutions is lacking.311 Proponents of the addition of calcium warn of the
possibility of the calcium paradox,312 with acalcemic solutions (particularly in the setting of a low-
sodium preservation medium); in contrast, calcium overload is intimately involved in the develop-
ment of ischemic contractures in the myocyte. Experimental evidence indicates that only micro-
molar amounts are necessary to prevent the rare calcium paradox phenomenon, thus reducing the
risk of contributing to contracture formation.313
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9.14.3.3.2 Solution Additives
Recognizing that oxygen-derived free radicals are likely the critical mediators of ischemic-reper-
fusion injury, pharmacologic interventions to neutralize these cytotoxic molecules were a natural
extension of heart preservation research. Administration of exogenous free-radical scavengers is
believed to assist the recipient’s intrinsic antioxidant defenses in the metabolism of the oxygen
intermediates to benign molecules.314 Although the addition of scavengers or chelators to the
preservation regimen of heart allografts has resulted in a reduction in allograft edema and improved
posttransplant function in numerous studies, their use remains controversial because of unsatisfac-
tory or inconsistent results when administered clinically.315 Impermeants are high-molecular-weight
molecules that do not readily penetrate cell membranes. Mannitol, lactobionate, and raffinose are
examples of impermeants that act as extracellular osmotic agents. They purportedly reduce hypo-
thermia-induced cellular edema in allografts by counteracting the intracellular osmotic pressure
imparted by protein and other cytosol-confined molecules.182 Other impermeants such as hydrox-
yethyl starch and dextran act as oncotic agents and help prevent the development of allograft
interstitial edema. The need to include impermeants in static storage solutions remains debatable.
Because storage of organs at 4°C does not completely arrest metabolism, it is not surprising that
metabolic substrates are common additives in perfusate-storage solutions. Investigations of meta-
bolic substrate supplementation with adenosine, pyruvate, glutamate, and aspartate have dominated
the myocardial preservation literature.316 ATP may be repleted from adenosine through the purine
salvage pathway and from these amino acids through the citric acid cycle. Although the biochemical
rationale for provision of substrates in perfusate storage solutions appears theoretically sound, it
is still unclear whether exogenous substrates can be taken up and used by the hypothermic cells
of the allograft and, moreover, whether their addition significantly improves outcome.

Steroids (methylprednisolone, dexamethasone) have been added to preservation solutions for
their general antiinflammatory effects.317 Because ischemic injury to the allograft is partially
mediated by a calcium influx, the addition of calcium channel blockers has also been proposed
(e.g., verapamil in the University of California, Los Angeles, solution).318 Finally, myocardial
ischemic injury may be ameliorated by the administration of potent inhibitors of lipid peroxidation,
called lazaroids.319

Many issues regarding perfusate storage solutions remain unresolved, and the spectrum of
diverse experimental models complicates reliable comparison of results in the literature. Perhaps,
as some investigators have theorized, if allograft ischemic periods are extended in the future,
electrolyte composition and pharmacologic additives will become increasingly more important
clinically. However, despite the vehement claims of investigators worldwide, there is no compelling
clinical evidence at this time that any solution is clearly superior to the others for cardiac preser-
vation when used within the current 6-hour ischemic limit.

9.14.3.4 Non-Heart-Beating Donor Hearts

Because of the critical shortage of allografts, the use of non-heart-beating donors is now being
explored.320 The period of warm ischemia before procurement further complicates preservation
strategies. Furthermore, preparation of the procurement team is difficult, with the unpredictability
of the time of death. Although some organs may tolerate the warm ischemic insult, it remains
uncertain whether reanimation of hearts from these donors will yield allografts adequate for
successful clinical transplantation.

The critical components of successful cardiac allograft preservation include meticulous donor
management, hypothermia, and reperfusion modification. Continued research will be necessary to
explore systematically the complex mechanisms mediating donor allograft injury and the many
variables affecting the elusive optimal preservation strategy of cardiac allografts.
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9.14.4 LUNG

The quality of lung preservation affects perioperative allograft function, as poor allograft preser-
vation results in increased morbidity and mortality following lung transplantation and could upreg-
ulate the expression of histocompatibility antigens, potentially resulting in increased allograft
rejection. In addition, better lung preservation techniques could extend allograft ischemia times,
resulting in increased numbers of organs available for transplantation, better procurement strategies,
and prospective human leukocyte antigen matching. These factors have led to the continued search
for better preservation modalities to decrease the extent of ischemia-reperfusion lung injury.

Since the first human lung transplantation procedure was performed in 1963, much progress
has been made in the field of lung allograft preservation. Initially, lung transplantations were
performed locally, with the donor transported to the recipient center. This resulted in minimal graft
ischemic times and a decrease in the possibility of primary nonfunction, which is not well tolerated
in the lung. Despite extensive experimental research, graft preservation beyond 2–3 hours was
difficult to obtain before 1980. A variety of techniques were subsequently developed to allow for
the preservation of lung grafts over greater distances and to allow for graft ischemia times of 4–6
hours. These techniques have included simple hypothermic atelectatic immersion, ex vivo normo-
thermic heart–lung autoperfusion, donor core cooling, and pulmonary artery flush. The first two of
these methods are of historical interest only and are no longer used in clinical practice.

9.14.4.1 Hypothermic Atelectatic Immersion

Hypothermic atelectatic immersion was the initial method of preservation used by the Toronto Lung
Transplant Group. Satisfactory clinical results after 5.5 hours of ischemia were achieved.321 This
method was used for both single- and double-lung transplantation with good results.322,323 However,
the negative effects of atelectasis later led to the abandonment of this technique in favor of
pulmonary artery flush, which allowed longer ischemic times with more predictable postoperative
graft function.

9.14.4.2 Oxygenated Perfusion

Ex vivo normothermic heart–lung autoperfusion was also used successfully in the early clinical
experience of lung transplantation. Originally described by the physiologists Martin and then
Starling in the early 20th century, it was adapted in the 1960s for the preservation of heart grafts.324

The Pittsburgh group then subsequently adapted this technique for the preservation of heart–lung
grafts, with good results.325 This method was later abandoned because of early deterioration of lung
grafts from presumed neutrophil sequestration, resulting in uncontrolled pulmonary hypertension,
hypostatic pulmonary edema, and graft failure. The procedure was also technically complex and
required mechanical ventilation of lung grafts via the donor trachea during transport, preventing
the sharing of intrathoracic organs among different transplantation centers. This technique is no
longer used clinically, but it does provide a good model for the study of lung function in the
laboratory.326

9.14.4.3 Static Hypothermic Preservation

Static preservation with hypothermia is the mainstay of current lung preservation of which two
variants dominate the clinical field. To ensure complete cooling of the lung, donor core cooling
has been employed before organ removal with good results. The other common technique is similar
to that employed in the liver and kidney and consists of organ perfusion with cooled perfusate in
situ before removal through the pulmonary artery.
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9.14.4.3.1 Donor Core Cooling
Yacoub and colleagues were the main proponents of donor core cooling on cardiopulmonary bypass,
especially for combined heart–lung transplantation.327 The donor core cooling technique has not
undergone major changes since its introduction into clinical practice in 1985.328 It is estimated that
more than 50% of the world’s heart–lung transplantation procedures have been performed with
organs preserved in this fashion. The technique results in controllable hypothermia with protection
of other thoracic and abdominal organs. The perfusate is blood, which is an effective pH buffer,
allows for tissue metabolic activity, and contains free-radical scavengers. The pulmonary paren-
chyma is also protected against embolism during perfusion because its only inflow comes from the
bronchial arterial system. Despite these advantages, however, there are several disadvantages.329

First, the technique is cumbersome, requiring a portable cardiopulmonary bypass unit (roller pump,
perfusion circuit, heat exchanger, and oxygenator) in addition to the appropriate skilled personnel.
Second, cooling of the lungs is slow and inefficient, requiring large amounts of ice and a prolonged
period of time to achieve the necessary temperature drop. Third, the use of cardiopulmonary bypass
results in deleterious effects on pulmonary function both from a direct ischemic insult and from
the activation of various inflammatory pathways,330 which results in increased alveolar capillary
permeability. Fourth, animal data have indicated the presence of reduced oxygenation capacity in
lungs preserved with this method compared with the pulmonary artery flush technique, although
postoperative pulmonary vascular resistance was lower with core cooling, suggesting better pres-
ervation of the pulmonary vasculature.331 A study in bovine lung allografts, however, revealed that
the addition of recipient and donor leukocyte depletion to donor core cooling resulted in improved
postischemic lung function beyond that provided by donor core cooling alone, resulting in good
lung function after 24 hours of ischemia.332 Given these concerns about donor core cooling for
lung allograft preservation, the pulmonary artery flush technique has become the accepted preser-
vation method used in lung transplantation.326

9.14.4.3.2 Pulmonary Artery Flush
As in kidney, liver, and heart preservation, the most common technique for lung preservation is
simple flushing with a cold solution. In the lung, this is followed by hypothermic immersion in a
semi-inflated state. Although at one point continuous flushing of lung grafts was investigated, this
research has since been abandoned because of increased pulmonary hypertension, decreased lung
compliance, and worsening pulmonary edema. On the basis of initial experimental and clinical
work at Stanford University,333 the pulmonary artery flush technique has been adopted by the vast
majority of lung transplantation centers worldwide. Initial work at Stanford University centered on
the use of cold potassium cardioplegia to flush both the pulmonary and the coronary arteries for
combined heart–lung transplantation. Subsequently, cold EC solution was modified with magnesium
sulfate and 50% dextrose. This modified solution was used to flush the pulmonary arteries, and
cardioplegia was used to simultaneously perfuse the coronary circulation.334 Subsequently, modified
EC became the solution of choice for lung preservation.

The technique of pulmonary artery flush is straightforward and simple and allows for the rapid
cooling of both lungs. The extent of cooling, however, depends on the volume used and on the
distribution of this perfusate within the lungs. Increasing both the flow rate and the total volume
of perfusate used resulted in significant improvement in postoperative graft function.335 This method
has been adopted into current clinical practice, in which a total perfusate volume of 60 mL/kg of
body weight is typically infused over a 4-minute period. The technique also removes potentially
harmful blood products such as platelets, leukocytes, and complement. Embolization into the
pulmonary microvasculature is possible, however, and care must be taken to avoid this complication.
The perfusion pressure should be kept low, and the flush temperature should be kept at 4°C as
much as possible to decrease other potential complications.329

Although the majority of centers flush the lungs in an antegrade fashion, an interesting variation
is a retrograde flush of the lungs via the left atrium.336 In a porcine model of lung preservation
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with modified EC, radiolabeled albumin was used to assess distribution within the tracheobronchial
tree. Retrograde flush resulted in higher radiolabeled albumin counts compared with antegrade
flush. Results were also encouraging in a study of 21 consecutive lung transplant recipients who
received lungs preserved via the retrograde route.336 Whether this technique is significantly different
from antegrade pulmonary artery flush when applied on a more widespread basis remains to be
seen, although the preliminary evidence is encouraging.

9.14.4.4 Composition of Preservation and Flush Solutions

During the period of graft ischemia, the activity of the Na+/K+ ATPase pump is decreased, leading
to cellular swelling. To counteract this problem, two types of preservation solutions have been
developed: intracellular solutions, such as EC and UW, and extracellular solutions, such as Wallwork
and low-potassium dextran solutions.

Among the intracellular solutions, the most commonly used worldwide is the EC modified by
the addition of magnesium sulfate and 50% dextrose.337 The addition of glucose is based on animal
studies showing better immediate lung function and higher levels of glucose metabolites in lungs
preserved with a glucose-containing, low-potassium, dextran solution, compared with lungs pre-
served with only a low-potassium dextran solution.338 The osmolarity of modified EC solution is
slightly higher than that of serum. This has resulted in the preservation of lung grafts for up to
8–10 hours, although the upper limit is difficult to ascertain, given the many confounding variables
affecting graft function in the clinical setting.

Another intracellular solution in clinical use in some centers is the UW. Although its use in
the preservation of liver, kidney, and pancreas grafts is well documented and results in the extension
of preservation times for these organs, its use in lung transplantation is still limited. It contains
several components, the actual roles of which in ameliorating ischemia-reperfusion injury are not
well understood (see also Section 3.9.1.4). The K+ concentration in UW (120 mmoL) is similar to
that of EC (115 mmol/L). This high concentration of potassium ions can result in pulmonary
vasoconstriction and nonuniform flushing of the grafts if no pulmonary vasodilator, such as a
prostaglandin bolus infusion, is used before flushing.

A complicating factor for UW is that its efficacy may be related to its shelf life, in contrast to
EC. This is probably related to one of its components, reduced glutathione, which is a neutralizer
of oxygen free radicals and lipid peroxides. Following prolonged storage, glutathione is converted
to oxidized glutathione.339 However, the effect of this change on lung preservation and postoperative
graft function is not clear.

In general, it is thought that UW is as effective for lung preservation as the modified EC.340

There is some evidence to indicate that longer periods of preservation may be possible with UW.
The introduction of a low-potassium UW has resulted experimentally in improved gas exchange
in isolated rabbit lungs. Whether this result is true in the clinical setting has yet to be determined.
The majority of lung transplantation centers worldwide, however, continue to use modified EC
solution for graft preservation primarily because of its longer duration of use in lung preservation
and its lower cost and complexity in comparison with UW. 

An alternative to intracellular solutions is an extracellular solution developed by the Papworth
group, known as Wallwork solution.214 It is based on third-party cold donor blood that is modified
by the addition of various substrates such as epoprostenol (formerly prostacyclin), buffers, and
human proteins, achieving a flush hematocrit of approximately 10%. Reports of its clinical use are
limited, although preservation times of up to 4 hours have been achieved.341 In a comparison study
of Wallwork solution and modified EC, conducted in a canine lung transplantation model, lungs
preserved with Wallwork solution demonstrated lower compliance and worse postreperfusion pul-
monary edema.342 Contradictory results were obtained when an ex vivo rat lung allograft model
was used.343 In this latter study, ischemia reperfusion lung injury was most decreased using
Wallwork solution, compared with EC, UW, and low-potassium dextran solution. In another
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experimental transplantation model, both low-potassium and high-potassium lactobionate solutions
gave equivalent lung function after 24 hours of cold preservation344 (see Figure 9.10). Further
improvements in lung preservation were obtained when epoprostenol or the nitric oxide precursor
L-arginine were added to Wallwork solution. Whether these results are similar in the setting of
human lung transplantation has not been determined.

Another extracellular solution is low-potassium dextran solution, initially derived from animal
experiments and then applied to clinical practice.345 The use of dextran 40 in this solution confers
potential advantages, such as its role as a free-radical scavenger, its anticoagulant properties, and
its beneficial effects on tissue oncotic pressures. Whether these benefits render low-potassium
dextran solution superior to EC solution is controversial. In canine left lung allograft transplantation,
low-potassium dextran solution was compared directly with modified EC solution after donor
pretreatment with alprostadil (formerly prostaglandin E1) infusion.346 Immediately following trans-
plantation and at 3 days postoperatively, there were no significant differences in gas exchange or
hemodynamic function between the two experimental groups. Another study, however, showed
beneficial effects of extracellular solutions compared with intracellular solutions, using a perfused
and ventilated rabbit lung model.347 Both low-potassium dextran and blood-low-potassium dextran
solutions provided superior pulmonary function compared with that of modified EC preceded by
a bolus of alprostadil. Given this controversy, EC continues to be used for lung allograft flushing,
typically after a bolus of prostaglandins is inserted into the pulmonary circulation.

FIGURE 9.10 Images of an experimental single lung graft in rat after preservation with a high-sodium
balanced lactobionate solution. Successfully preserved lung tissue in a rat model of single lung transplantation.
Plate a: x-ray and Plate b: angiogram, taken 4 weeks after transplantation of a 24-hour stored lung using UW
low-K solution. The radiological images of the transplanted left lung, which was ventilating normally, are
comparable to those of the native right lung, showing a 100% recovery of the pulmonary tissue (absence of
fibrotic change or congestion on x-ray, and good definition of lung vasculature on angiogram). (Hidalgo, M.A.,
et al., Morphological changes in rat single lung isografts after long-term survival, Int. J. Exp. Pathol., 76, 43,
1995. With permission.)
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A variety of pharmacologic additives have been investigated in animal models of lung preser-
vation and transplantation, although the translation of these laboratory results into clinical practice
remains slow. The additives that have been shown to ameliorate posttransplantation ischemia-
reperfusion injury in various experimental models348 include the following: prostaglandins such as
alprostadil and epoprostenol; oxygen free-radical scavengers such as catalase, glutathione, super-
oxide dismutase, allopurinol, dimethylthiourea, lazaroid, and deferoxamine; calcium channel block-
ers such as verapamil, diltiazem, nifedipine, and nicardipine; lidocaine; complement inhibitors such
as nafamostat mesylate and the soluble form of complement receptor 1; platelet-activating factor
inhibitors; pentoxifylline; surfactant; monoclonal antibodies directed against intercellular adhesion
molecule 1, CD11b antigen, or CD18 antigen; leumedins such as NPC 15669 and NPC 18915;
sialyl Lewisx analogs such as CY 1503; and NO donors such as inhaled NO, nitroglycerin,
nieorandil, glyceryl trinitrate, and nitroprusside. Leukocyte depletion by filtration has also been
shown to decrease reperfusion injury in experimental models. More recently, gene therapy of donor
lungs to ameliorate posttransplantation ischemia-reperfusion injury has been investigated in animal
models. This strategy may hold promise as a future therapeutic option in lung preservation.

A few transplantation centers have begun adding nitrates to the flush solution in clinical lung
transplantation to decrease the extent of subsequent acute lung dysfunction. In an ex vivo reperfusion
model of rat lung grafts, the addition of glycerol trinitrate to the flush solution improved oxygenation
and lung graft integrity, resulting in better allograft preservation than that seen with the addition
of epoprostenol.349 Another NO donor is sodium nitroprusside, which has been studied in a canine
left lung allograft transplantation model.350 The administration of nitroprusside to the flush solution
and during allograft reperfusion resulted in reductions in pulmonary vascular resistance and myelop-
eroxidase activity, a measure of leukocyte sequestration. In addition, the nitroprusside group had
improved lung allograft function and blood flow, correlating with reductions in the extent of
ischemia-reperfusion injury. Similar results were obtained when sodium nitroprusside was directly
infused into the pulmonary artery in an isolated, ventilated, whole blood–perfused rabbit lung
model.351 This resulted in improvements in pulmonary hemodynamics, oxygenation, compliance,
and lung edema formation, without significant systemic hypotension. In a rat lung transplantation
model with contralateral right pulmonary artery ligation, the addition of nitroglycerin to lactated
Ringer’s irrigation resulted in improved oxygenation, pulmonary blood flow, pulmonary vascular
resistance, and survival compared with controls.352 Nitroglycerin has been incorporated into a new
pulmonary artery flush solution, resulting in better preservation of canine lung allografts.353

Given these beneficial effects of NO donors in lung allograft transplantation, sodium nitroprus-
side has started to be added to the flush solution.326 Initially, it was added to the flush solution at
the donor harvest site just before pulmonary artery flushing. Since then, sodium nitroprusside has
been incorporated into the modified EC flush solution.326 Another pharmacologic intervention that
has been studied in the clinical setting is the inhibition of a complement, using a soluble complement
receptor 1 inhibitor called TP10. A multicenter trial enrolled 59 patients who were randomly
assigned to TP10 administered before reperfusion or to placebo.354 TP10 resulted in significant
increases in early extubation following lung transplantation, although there were no statistical
differences with respect to total time spent on the ventilator or total intensive care unit time.
Increased benefit was observed in patients who had experienced both ischemia-reperfusion injury
and cardiopulmonary bypass. Although these results are encouraging, more work needs to be done
before complement inhibition becomes a clinical reality.

9.14.4.5 Additional Factors Affecting Lung Storage

Given the inherent differences of the lung compared with other solid organs available for trans-
plantation, various physiologic factors during the storage phase have been studied to ameliorate
subsequent ischemia-reperfusion injury. These factors have included the storage temperature of the
graft, the state of graft inflation, and the oxygen concentration of the graft.
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9.14.4.5.1 Graft Temperature
Hypothermia is the cornerstone of lung preservation, although the exact degree of hypothermia has
been a matter of controversy. The beneficial effects of hypothermia arise mainly from decreased
cellular metabolic rates and slower substrate depletion rates. However, profound hypothermia can
result in abnormal cellular membrane transport functions and calcium homeostasis. In addition, the
activity of the Na+/K+ transmembrane pump is inhibited, resulting in decreased plasma membrane
integrity. There is experimental evidence in an isolated rabbit lung model355 and a canine left lung
allotransplantation model356 indicating that the optimal temperature for lung preservation may be
10°C rather than 4°C. This has not been translated into clinical practice, however, because of the
cumbersome nature of maintaining grafts at 10°C, which would require a portable temperature
regulator and cooling cabinet. Following procurement, the vast majority of transplantation centers
store lung allografts in ice-cold saline or slush during transport. One potential complicating factor
with the use of this technique is the inhomogeneous cooling that results following cold immersion
because of the buoyancy of the inflated lung. An alternative method, investigated in the laboratory,
is the use of ambient compressed air with dry ice for the preservation of lung allografts. Favorable
results were obtained in nonflushed canine lungs preserved in this way compared with immersion
in iced slush.357 The translation of these results into clinical practice awaits further investigation
before widespread acceptance.

9.14.4.5.2 Graft Inflation
The initial clinical experience in lung transplantation employed grafts preserved by atelectatic cold
immersion, for which the graft is completely deflated with the use of a bronchial blocker.322 With
the introduction of the technique of pulmonary artery flush, it became apparent that the storage of
grafts in an inflated state provided better graft preservation and decreased postoperative pulmonary
edema. Experimental evidence in a canine lung transplantation model demonstrated that hyperin-
flated lungs resulted in more reliable posttransplantation graft function compared with grafts inflated
at low lung volumes.358 Hyperinflation applied clinically, however, resulted in increased acute
allograft dysfunction. Lungs stored at normal lung volumes, in contrast, demonstrated satisfactory
allograft function and minimal pulmonary edema during the postoperative assessment period.359

Current practice is 100% oxygen end tidal volume inflation until implantation.326

9.14.4.5.3 Storage Oxygen Concentration of the Graft
The lung is unique among solid organs available for transplantation in that it is capable of main-
taining aerobic metabolism after the cessation of cardiac activity. During extended periods of
preservation, infra-alveolar oxygen and intracellular glucose allow the hypothermic lung to continue
aerobic metabolism and preserve ATP levels.338 The lung may also be capable of maintaining aerobic
metabolism for short periods in non-heart-beating cadavers, as shown by adequate arterial oxygen-
ation in canine lungs harvested from donors several hours after death.360 For these reasons, it is
common in clinical practice to inflate harvested lung grafts with oxygen, although there is still
controversy about the exact oxygen concentration that is desirable. Experimental evidence has been
contradictory. Ventilation with 100% nitrogen has been shown to be superior to room air or 100%
oxygen in isolated canine lungs.361 In isolated rabbit lungs, however, ventilation with 100% oxygen
was superior to room air, which was superior to 100% nitrogen.362 In an in vitro gravimetric rabbit
lung model, graft inflation with 100% oxygen or 100% nitrogen increased the pulmonary capillary
filtration coefficient, in comparison with storage at room air.363 In further studies in the same model,
this increase in the capillary filtration coefficient correlated with increases in end products of lipid
peroxidation. This was counteracted by dimethylthiourea, a free-radical scavenger, indicating that
oxygen free-radical injury occurs during ischemia and not only during reperfusion.364 The use of
hyperbaric oxygen has also been investigated,365 yielding favorable results, although the procedure
is technically cumbersome and the experiments were often not controlled. Current practice is 100%
oxygen until implantation.326
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9.14.4.6 Pretreatment

Treatment of the donor before pulmonary artery flush is used in virtually all lung transplantation
programs to improve pulmonary artery flush distribution and decrease subsequent ischemia-reper-
fusion injury in the allograft. The high potassium concentration in intracellular flush solutions,
pulmonary artery distention during graft flushing, and cold temperatures of the perfusates all result
in reflex pulmonary vasoconstriction. This can theoretically result in nonuniform distribution of
the flush solution and worse organ preservation. Prostaglandin administration into the donor lung
before flush solution administration has been used to decrease this injury.

Bolus administration of prostaglandins into the pulmonary circulation before pulmonary artery
flush has been routinely used in clinical practice to counteract reflex pulmonary vasoconstriction
arising from the use of intracellular preservation solutions. Alprostadil is used in North America,
and epoprostenol is used in Europe. These two prostaglandin formulations are considered clinically
equivalent with respect to their effects on allograft preservation in lung transplantation.

The main benefit from the use of prostaglandins is pulmonary vasodilation, which counteracts
reflex pulmonary vasoconstriction and allows for more uniform lung flushing and better organ
preservation. Prostaglandins are also potentially beneficial for a variety of other reasons: decreased
leukocyte sequestration, inhibition of platelet aggregation, prevention of lysosomal enzyme release
and superoxide anion production by neutrophils, better cytoprotection, immunosuppression, and
decreased vascular permeability.366 Whether these other effects of prostaglandins further contribute
to improved lung preservation remains controversial. A study of the mechanism of action of
alprostadil in rat lung transplantation indicated that vasodilation by itself was insufficient to enhance
lung protection.367 Alprostadil enhanced lung preservation in that model by stimulating cyclic
adenosine monophosphate-dependent protein kinase, thereby promoting nonvasodilatory mecha-
nisms of lung allograft preservation. A variety of experimental lung transplantation studies have
shown beneficial effects to donor pretreatment with prostaglandins before pulmonary artery flush-
ing.346,368–370 The beneficial effects of alprostadil pretreatment were also seen when canine lung
allografts were flushed retrograde with alprostadil followed by UW371 or infused during the first 6
hours of reperfusion,372 supporting the use of alprostadil in the clinical setting following lung
transplantation, with similar results reported using epoprostenol373 or Iloprost,374 a stable synthetic
derivative of epoprostenol with a longer half-life and fewer systemic hypotensive effects. The vast
majority of lung transplantation centers use prostaglandins, mainly for their effects on pulmonary
vasodilation, resulting in a high-volume, low-pressure pulmonary artery flush. Clinically, alprostadil
is administered via the pulmonary artery, as a single bolus injection into the main pulmonary artery
before the administration of the flush solution.326

Treatment of the recipient after implantation has also been shown to be beneficial. In addition
to standard immunosuppressive and antibiotic therapy in the postoperative period, various therapies
have been used clinically to varying degrees to ameliorate the extent of graft ischemia-reperfusion
injury. These have included the use of prostaglandins, high-dose methylprednisolone, and inhaled
NO. Prostaglandins are also used clinically in the early postoperative setting to decrease reperfusion
injury. In Europe, epoprostenol is administered until the systemic pressure is reduced by 30%,
whereas in the United States, alprostadil is administered to control pulmonary artery pressures and
reduce pulmonary vascular resistance.326 Single-dose methylprednisolone has been added to most
clinical protocols mainly because of its anti-inflammatory actions on activated neutrophils. Specif-
ically, corticosteroids reduce lysosomal enzyme release and superoxide anion production by neu-
trophils, block complement-induced neutrophil aggregation, and inhibit arachidonic acid metab-
olism in granulocytes. Experimental evidence indicates benefits if corticosteroids are used in the
donor before ischemia.375 Clinically, however, corticosteroids are usually administered as an intra-
venous pulse of methylprednisolone to the recipient immediately before reperfusion.326 An addi-
tional pharmacologic intervention used with marginal lung grafts at risk for reperfusion injury is
inhaled NO in the posttransplantation period. Inhaled NO has a variety of potential beneficial effects
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in the lung.376 It is a potent yet selective pulmonary vasodilator, inducing relaxation of pulmonary
vascular smooth muscle cells by activation of guanylate cyclase. NO has a variety of other actions
inhibiting early neutrophil adhesion; preventing increases in microvascular permeability; inhibiting
platelet adhesion, activation, and aggregation; and regulating the proliferation of vascular smooth
muscle cells in vitro and in vivo.377 Clinically, inhaled NO has been shown to ameliorate acute lung
dysfunction,378,379 although frequent monitoring of plasma methemoglobin levels is necessary to
avoid toxicity.326

Current practice in lung preservation is full heparinization of the donor, a bolus pulmonary
artery infusion of alprostadil followed by inflow occlusion by ligation of the superior vena cava
and cross-clamping of the inferior vena cava.380 Three liters of modified EC solution (added 50%
glucose, magnesium sulfate and sodium nitroprusside) is administered, ice cold, into the main
pulmonary artery via a large-bore catheter, usually a 14-gauge cannula. The perfusate is positioned
2 m above the ground to allow drainage by gravity. Perfusion pressures are usually 15–20 mm Hg.
Simultaneous with the administration of flush through the main pulmonary artery, cardioplegia is
infused into the ascending aorta after aortic cross-clamping. The right heart is vented by transecting
the inferior vena cava proximal to its cross-clamp. The team harvesting abdominal organs is asked
to cannulate the abdominal segment of the inferior vena cava to allow drainage of the perfusate
off the table. The left atrial appendage rip is also cut to allow for drainage of the flush solution
from the lungs. Ventilation with 100% FIO2 is administered manually throughout this phase to
result in an even distribution of the perfusate within the lung parenchyma. The chest is flooded
with iced saline, and cold effluent is allowed to collect in the pleural spaces to further topically
cool the lungs. After excision of the heart and decannulation of the pulmonary artery and the
ascending aorta, the lungs are extracted en bloc. They are moderately inflated with 100% FIO2 to
a final volume corresponding to normal end-tidal inspiration. An additional lung flush is occasion-
ally administered at this time by retrograde infusion of modified EC solution into the pulmonary
veins. Following separation of the intrathoracic organs, the grafts are transported under hypothermic
conditions by placement in ice, which results in temperatures between 0°C and 1°C. Ischemic times
are typically less than 8 hours, although 10 hours is considered the upper limit. During implantation,
the graft is protected from warm ischemia by topical cooling with iced slush. Immediately before
reperfusion, a pulse dose of methylprednisolone is routinely administered to the recipient. Following
reperfusion, intravenous infusion of alprostadil in the immediate perioperative period is adminis-
tered for 24 hours. Methylprednisolone is continued intravenously twice daily for the first 3 days.
Inhaled NO is administered at the first evidence of reperfusion injury.380

9.14.5 HEART–LUNG BLOCK

Simple cooling has been used for short-term preservation for heart–lung transplants. Lungs were
originally flushed with cold EC via the pulmonary artery immediately after induction of cardiople-
gia. Flushing should maintain pressure below that normally found in the pulmonary artery. Hyper-
inflation of the lung before storage was shown to be beneficial.358 Treatment of the donor with
prostaglandin E1 followed by a hypothermic flush gave adequate 6-hour preservation.329

Single lung transplantation is now increasingly common, and lung preservation using a EC
flush is only successful for 5–6 hours. Progressive deterioration with increased pulmonary vascular
resistance and decreased compliance occurs by 12 hours, with interstitial hemorrhage and edema
by 24 hours. The disaccharide trehalose has been substituted for glucose in EC with advantage.381

Increasing experience with lung and heart–lung transplantation has demonstrated that the lung may
be more robust in relation to its tolerance of extended storage than previously thought. UW and
other solutions have given successful preservation for 24 hours.382 Additions to the preserving
solution that have been found useful have included prostaglandin E1, pentoxifylline, verapamil,
and glutathione. Equivalent results to UW have been found with a dextran-based, low-potassium
solution.383
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9.14.6 PANCREAS

UW was originally introduced to improve pancreas preservation. In the pancreas, it is paramount
that preservation conserves the beta cells. Exocrine cell function can provide a marker of viability
in the form of amylase excretion. Another important aim of preservation is to minimize the
occurrence of ischaemia-induced acute pancreatitis, which increases morbidity after transplantation.
Preservation of the pancreas proved difficult using Collins’, citrate, and other solutions, and it was
not until the advent of UW that reliable preservation for 24 hours was achieved experimentally and
clinically. Experimental preservation has since been extended to 96 hours using UW with an added
prostanoid inhibitor.384 Other variations of UW can give satisfactory cold storage, including removal
of HES or its replacement with dextran, and combinations of sodium lactobionate with histi-
dine.385–387

The pancreas has also been studied in relation to the benefit of additional oxygen using a two-
layer storage technique with a perfluorochemical adjacent to UW. In small animals, the technique
of cold storage, whether surrounded by the preserving liquid or wrapped in moistened gauze, has
influenced efficacy of preservation, perhaps related to the filamentous and nonencapsulated nature
of the pancreas, resulting in a greater tendency for harmful edema and weight gain to occur during
storage immersed in liquid.235,388 Whole-organ pancreas preservation needs to include the associated
duodenal segment containing the duodenal papilla and pancreatic ducts.

9.14.7 SMALL BOWEL

Small-bowel grafts can be transplanted alone or combined as organ-cluster grafts with liver or
pancreas. Commonly, organ donors are treated with both OKT3 and antithymocyte globulin in an
attempt to immunomodulate the potential allograft. An osmotic agent is not used to flush the
intestinal contents, nor is any specific intestinal decontamination regimen used.389

The main site of injury during small-bowel preservation has been thought to be the endo-
thelium and basement membrane of the highly vascularized mucosa. The small intestine has a
high concentration of the enzyme xanthine oxidase, rendering it liable to reperfusion injury. Free-
radical damage has been implicated, particularly after prolonged preservation and after warm
ischemic injury. Experimental preservation is possible for up to 48 hours in the rat and dog; the
advantages of any one preservation solution are less obvious than with other organs. Sucrose,
Collins’, UW, and Bretschneider’s solutions, and solutions with added dextran and containing
free-radical scavengers have given more or less equivalent results.390 Pretransplant rinse has not
been shown helpful in preventing reperfusion injury. Polyethylene glycol has been suggested as
an additive both to enhance preservation and to modify rejection in experimental small-bowel,
heart, and pancreas transplantation.391 Small-bowel and small-bowel/liver transplantation have
evolved from an experimental therapy to an accepted form of treatment for patients with intestinal
failure and associated life-threatening complications. Factors that have contributed to improved
patient and allograft survival include new immunosuppressive agents, better patient selection,
and refinements in the surgical procedure.389 The upper limit of acceptability is currently 12
hours of cold ischemia.

9.14.8 COMPOSITE TISSUES AND LIMBS

Reconstructive plastic surgery uses vascularized autografts of composite tissues to fill large defects.
These grafts involve skin, subcutaneous fat, muscle, bone, nerves, and blood vessels. Severed limbs
and digits can be replaced as autografts in complex operative procedures that can take many hours.
Storage of the grafts relies principally on simple external cooling by refrigerated saline and on
wrapping the grafts in cold saline-soaked packs during implantation.172 Vascular flushing has not
been widely used for fear of damaging the small vessels requiring microvascular suture. Flushing
does not give any significant improvement over simple hypothermic storage in cold-preserving
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liquid.172 Recent studies on the cold preservation of skeletal muscle demonstrated that HTK was
an effective preservation medium392 when used as bathing solution, whereas no clear advantage of
vascular perfusion could be shown. The addition of antioxidants trolox and deferione to the storage
medium improved muscle function after cold storage.393 Hypothermic storage usually adequately
covers the periods required in clinical practice — usually less than 12 hours. However, in a
composite murine whole-limb replantation model, cooling to –1°C in the absence of ice formation
provided better protection than that seen at 4°C.394 The challenge with this technology is to maintain
strict temperature control such that ice does not spontaneously nucleate following a small drift in
the temperature of storage. In general, tolerance of the various tissues within limbs and digits to
ischemia varies: muscle and nerve are more sensitive than skin and bone. Restoration of the
circulation to reimplanted limbs or other composite grafts of large bulk may release a large bolus
of potassium into the circulation and can induce fatal hyperkaliemic cardiac arrest. After extended
storage, the contained blood or preservation solution should be rinsed out with warm plasma or
balanced electrolyte solution before release of the clamps.172

9.15 NEW DEVELOPMENTS IN ORGAN PRESERVATION

9.15.1 ISCHEMIC PRECONDITIONING

Organ preconditioning is a process whereby a brief event, be it transient ischemia, oxidative
stress, temperature change, or drug administration, bestows on an organ a temporary tolerance
to further insults by the same or similar stressors.395 Ischemic preconditioning (IP) is the exposure
of the organ to a brief period of ischemia (e.g., 5–10 minutes) and reperfusion that has been
shown to effectively protect it against subsequent warm ischemia396,397 and cold storage injury.398

Murry et al. first recognized organ preconditioning: While trying to create a larger myocardial
infarction in a dog, they subjected animals to several brief episodes of myocardial ischemia and
reperfusion before a protracted ischemic injury.399 Surprisingly, they observed that the area of
infarction in the stressed animals was dramatically reduced — by up to 75% — compared with
animals not subjected to the antecedent brief ischemia.399 In addition to limiting infarct size, IP
reduced myocardial functional stunning 400,401 and postischemic arrhythmias402,403 and accelerated
the recovery of muscle function after ischemia.404 Similar pictures of ischemic protection have
been confirmed in multiple organs across many species.395 Preliminary studies in humans con-
firmed the efficacy of IP in the liver.405 In animals, ischemic preconditioning of lungs before
prolonged hypothermic storage is protective of both compliance and gas exchange.406 There is
strong evidence that adenosine is a key mediator in IP407 through its stimulation of adenosine A2

receptors,408–410 which initiates NO formation,407,410 and causes activation of protein kinase C,
AMP-activated protein kinase, and p38 MAPK.411,412 These intracellular signaling pathways, once
activated, not only trigger increased tolerance of the hepatocytes, and endothelial cells in the
case of the liver, against ischemic insults, but they also cause quiescent cells to enter the cell
cycle and initiate a regenerative response.412 Induction of heat-shock proteins HSP70396 and heme
oxygenase 1 (HSP32)413 has been implicated in the mechanism of preconditioning. HSP induction
can reduce the nuclear binding of proinflammatory transcription factors414 and increase the
antioxidant capacity of cells.415 This may contribute to a reduction in the formation of TNF-α
and an attenuated inflammatory response in preconditioned livers.416,417 Carbon monoxide, a
byproduct of heme oxygenase 1 activity, was shown to activate p38 MAPK as a key mechanism
of carbon monoxide–mediated protection against IR injury.418 Thus a combination of factors may
contribute to the reduced injury and the improved long-term survival in animals subjected to
preconditioning, including the increased tolerance to ischemic injury and oxidant stress, a reduced
inflammatory response, and enhanced regeneration.419
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9.15.2 HIGHER-TEMPERATURE STORAGE

The advantages of oxygenated perfusion and its specific use in organs (mainly kidney and liver)
have been discussed in Sections 9.10, 9.14.1.2, and 9.14.2.2. Recently, there has been increasing
interest in these techniques, with the abandonment of the principle of hypothermia as the cornerstone
of preservation in favor of attempting to replicate homeostasis by supplying adequate substrates at
normothermia or mild hypothermia (10ºC); hence the description of “higher-temperature storage.”
This status has been brought on by the increasing inability to expand donor pools and the increasing
use of previously considered marginal organs (e.g., steatotic livers and non-heart-beating organs),
which suffer more damage from cold ischemic storage.

The introduction of UW improved the quality of the cold-preserved grafts and remains the gold
standard of organ preservation. Further improvement of UW was attempted, but without clear
clinical effect.211,420,421 It is doubtful that further significant improvements of organ-preservation
solution will be possible as long as the solution is based on a static ischemic principle. In contrast
to the static method of cold preservation, normothermic oxygenated perfusion (NOP) could be a
major step forward if it were possible to maintain the physiologic metabolism of the graft extra-
corporeally during preservation.422 To stop the process of biodegradation as it takes place under
cold static preservation, a graft needs substrates and must get rid of metabolites. NOP provides
substrates and, as long as it is being conducted with simultaneous dialysis, also allows for disposal
of metabolites.

The technique of isolated liver perfusion for evaluation of preservation methods, either normo-
thermic or at low temperature, has been known for many years.423–425 The potential advantages of
NOP storage versus cold and static cold-flush preservation are obvious. First, no cold-ischemic
injury is inflicted. Second, it is possible to monitor liver viability during perfusion by bile produc-
tion, transaminase release,426 and metabolic function before transplantation.427,428 The most con-
vincing evidence of NOP is the success of preservation, proven by primary graft function after
transplantation. Moreover, NOP must be compared with UW preservation, as it is the standard
against which all modifications in preservation must be assessed.185,429 There are few examples in
which this has been achieved, the most interesting of which is from Neuhaus’ group in Berlin,
using a pig model.284 This group developed an advanced liver perfusion circuit in which the organ
was placed in a waterlogged and sealed chamber.284 Oscillating pressure profiles imitating the
intraabdominal pressures improved perfusion of peripheral lobules significantly.430 Further, the
introduction of simultaneous dialysis of the recirculating perfusate allows for regulation of pH and
physiologic electrolyte concentrations. Water-soluble toxins and increased amino acids are
removed.431 The researchers demonstrated that it was possible to maintain a liver on NOP (37°C),
for 4–5 hours, using a perfusate of pig blood from fed pigs under the assumption that it contains
all necessary substrates, and to transplant it successfully, producing results that were comparable
to immediately transplanted livers.284 The scientists went on to demonstrate that NOP was superior
to cold UW preservation when it was preceded by 1 hour of warm ischemia, which has far-reaching
implications for the use of non-heart-beating organs.284 Working almost simultaneously, Friend’s
group in Oxford tried to simplify the NOP circuit while further exploring its use in preserving non-
heart-beating pig livers.285–287 This group succeeded in maintaining the liver’s function for 48 hours
on NOP in a nontransplant model.287 These studies have obvious implications for non-heart-beating
and steatotic organs that are more sensitive to cold ischemic injury than cadaveric organs.432

9.15.3 GENE THERAPY IN ORGAN PRESERVATION

The ability to modulate the damage mechanisms following organ preservation by gene therapy has
moved from theory to practice over the last 5 years. Specific pathways, such as the regulatory genes
controlling apoptosis (e.g., Bcl-2) have been shown to be amenable to transfection and to reduce
hypoxic cell damage.433 Improved survival after liver cold preservation was demonstrated434 by
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transfection of Bag-1 (another of the proteins that interacts with BCL-2). There was also a possible
effect on the heme oxygenase pathway (a member of the stress protein family), and this supported
previous work in which transfection of HO-1 was also protective in experimental liver storage and
transplantation.435 Combined transfer of genes for antioxidant enzyme super oxide dismutase and
cytoprotective nitric oxide synthase provided enhanced function in a model of cardiac preservation
and transplantation.436 There remain many hurdles to overcome before such techniques reach clinical
application, including the nature of the transfection agent and the timing of gene induction, but
these will undoubtedly become the center of attention in the near future.

9.15.4 FREEZING AND VITRIFICATION

The biophysical events dictating survival of cells after exposure to very low temperatures, ice crystal
growth, and the need for protections by cryoprotectants have been dealt with in detail elsewhere
in this book. Attempts at cryopreserving organs have a long history,437 but occasional reports of
success438 have proved difficult to repeat in a consistent fashion. For example, short-term freezing
of kidneys causes very substantial damage, and such organs never regain normal function.27,224,438

Thus, unfortunately, freezing of organs, so attractive in concept, in establishing organ banks
by true suspended animation and indefinite storage, has not proved feasible to date.439,440 There are
many characteristics specific to organs that dictate this poor survival, but it is worth commenting
on a few here.

Although it is relatively simple to add and remove cryoprotectant mixtures from cell suspensions
by mixing solutions, the ability to achieve this in a large, three-dimensional structure like a
mammalian organ can only be achieved by controlled vascular perfusion. Because osmotic damage
can be induced by exposure to high concentrations of such chemicals, perfusion must be allied
with integrated control of cryoprotectant concentration change. This has been achieved in experi-
mental studies441 but has not so far been applied in the clinical setting.

For single cells, the distribution or orientation of extracellular ice crystals is largely irrelevant,
but in organs in which cells are packed in high density, with important connections to the basement
membrane or other cells, growth of ice can cause significant structural damage.442 Given that organs
are of large size, with a low surface area–to-volume ratio, manipulation of cooling and warming
rates are restricted. Because slow cooling rates are compatible with the survival of many mammalian
cells, ice is not a problem during the cooling phase, but it may have a significant negative effect
during warming, where rapid rates are usually imperative to avoid damaging events linked to ice
recrystallization. Application of electromagnetic warming has been suggested for many years,443

but significant biophysical and equipment-related problems remain to be sorted out, although
progress is being made in this area.444 The cellular heterogeneity of organs such as the kidney is
another problem, because different cell types vary in their requirements for successful cryopreser-
vation. The vascular system appears especially vulnerable, and the vascular endothelium cells are
disrupted by freezing, leading to occlusion after revascularization.445

Cooling to subzero temperatures without freezing (supercooling or, more correctly, undercool-
ing) diminishes problems caused by ice formation, but a depression of only a few degrees in storage
temperature can be achieved, and the toxicity of cryoprotectants is still excessive. An alternative
method of cryopreservation is based on total vitrification of the organ.446–448 (The scientific basis
for this has been discussed in Chapter 8.) In this approach, the organ or tissue is first perfused with
a high concentration of cryoprotectants so that on cooling, neither intracellular nor extracellular
freezing occurs. The solution vitrifies (i.e., solidifies into a glassy state) at temperatures below
approximately –100°C, marking the effective end of biological time. Extremely high concentrations
of cryoprotectants are needed for this approach. Again, problems of addition and removal of these
agents and control of cooling and warming remain, but investigations are continuing, with reported
improvements in some aspects of the technology.449
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10.1 INTRODUCTION

 

The cryopreservation of nonmammalian metazoan systems is a topic that encompasses much
diversity. This diversity applies not only to the range of animal species represented but also to the
range of life stages and approaches employed in the effort to render themes species amenable to
storage at low temperature. Similar to investigations concerning mammals, research relating to
cryopreservation of some of the animal systems covered in this review involves the treatment of
individuals during some stage of embryonic development. However, unlike with mammals, embry-
onic development of nonmammalians is usually outside the mother, and fertilization of the oocyte
by sperm often occurs after its release into the external environment. Thus, in the absence of a
womblike milieu to provide sustenance and protection to the developing embryos, nonmammalian
embryos are often equipped with copious amounts of yolk for nourishment and growth and with
various membranes or shells to protect them from potential harm while they develop under harsh
environmental conditions. Such adaptive measures present considerable challenges to cryobiologists
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seeking to apply conventional procedures that have been designed to cryopreserve mammalian
embryos. Further, embryos of some nonmammals have thus far proven to be intractable to the use
of cryopreservation methodology. Nevertheless, these organisms may have commercial or aesthetic
value (the utility and economy that cryopreservation technology could provide) from which certain
industries, such as aquaculture, biocontrol, and so on, could benefit. To bypass or accommodate
the inherent obstacles that these systems present to the use of conventional methods, cryobiologists
have devised or are in the process of devising innovative protocols for the storage of alternate forms
of germplasm such as primordial germ cells, blastomeres, spermatozoa, and an array of postem-
bryonic stages.

Many of the cryopreservation obstacles that these systems possess have been identified by
Rana,

 

1

 

 Hagedorn et al.,

 

2

 

 and Lubzens et al.

 

3

 

 for fish; Chao and Liao

 

4

 

 for shellfish and fin fish; and
Leopold

 

5

 

 for insects. Considering the often-severe environmental conditions in which development
occurs for the animals covered in this chapter, it should not be surprising that many of the barriers
to successful cryopreservation are not species specific but are shared by many species across
phylogenetic lines. Thus, the intent of this chapter is to provide an overview of the studies relating
to the cryopreservation of germplasm of nonmammalian metazoans, with an emphasis on identifying
the commonalities and problems presented by this diverse group of animals. With this focus, it is
hoped that a broad, multispecies perspective will lend some insight to solving seemingly insolvable
problems connected to the application of cryopreservation technology.

This overview does not include discussion of the extensive array of research pertaining to
cryopreservation of nonmammalian sperm. In 1996, Rana and Gilmour

 

6

 

 reported that the literature
contained studies on cryopreservation of sperm of up to 200 species of fish, and Gwo,

 

7

 

 in 2000,
estimated that research on storage of aquatic invertebrate semen covered about 30 species. Since
publication of those reviews, research on cryopreservation of mammalian and nonmammalian
semen has intensified to the point that it would be too large a topic to include with this chapter. It
also should be mentioned that cryopreservation of single-celled organisms, although not considered
here, is an important endeavor. Free-living and parasitic protozoans are commonly cryopreserved
— usually with little difficulty.

 

8–10

 

 In general, these organisms, like bacteria, are much more tolerant
to freezing than the metazoan species; so much so, that recent evidence indicates that various
pathogens can exist as contaminants in commercially purchased liquid nitrogen (LN) or come from
other cryopreserved samples. As a consequence, these pathogens may present a biosecurity risk to
samples in a storage system unless certain precautions are observed.

 

11,12

 

10.2 HIGHLIGHTS: GENERALITIES AND EXCEPTIONS

 

On examining the literature on cryopreservation of nonmammalian species, certain generalities and
trends become evident. In general, the relative degree of difficulty in creating a protocol for cryopre-
serving germplasm, other than male gametes, of nonmammalian species escalates when climbing the
phylogenetic tree, traversing an aquatic to terrestrial environment, or developing embryonically from
a few cells to many. There are, of course, exceptions to these observations, and one exception pertains
to those species having anhydrobiotic properties. For example, Hinton

 

13 

 

was successful in recovering
live larvae of the midge 

 

Polypedilium vanderplanki

 

 after exposing it to liquid helium. During the
larval stage, this insect is able to survive desiccation to about 8% total body moisture, and hence it
is not severely damaged by exposure to a temperature of –270°C. Similar studies have also been
conducted with the drought-resistant stages of rotifers

 

14

 

 and tardigrades.

 

15

 

Another exception exists among the vertebrates. Sandwiched around the process of mammalian
embryo cryopreservation are the requisite, painstaking techniques for harvesting low numbers of
embryos from individual females, followed by uterine implantation after cryogenic storage. Thus,
it would seem that cryopreservation would not be difficult under circumstances in which literally
hundred of thousands of embryos can be easily collected while developing freely in an aqueous
environment. However, embryos of freshwater and marine fishes have resisted considerable effort
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by cryobiologists to provide the fisheries industry with cryopreservation technology.

 

16,17

 

 A similar
situation exists for dipteran insects. The anopheline mosquito 

 

Anopheles gambiae

 

, aquatic except
for the adult stage, has defied attempts to provide researchers with a much-needed method for
storing the numerous strains of these malaria vectors.

 

18–21

 

 In contrast, cryopreservation efforts have
been successful for one aquatic midge and a number of terrestrial dipterans representing five
different families of flies.

 

22–28

 

Further, it is usually the case that devising cryopreservation protocols for animals early in their
embryonic development is less problematic when cells are few in number, totipotency is present,
and tissues and organ systems are absent. The overall size of the organism at this stage is not a
factor. The totipotency characteristic of the cells forming preblastocyst mammalian embryos allows
the embryos to survive blastomere damage

 

29

 

 and even splitting into two individuals.

 

30

 

 However,
for the reasons mentioned in the introductory paragraph and the additional obstacle of chilling
intolerance,

 

31,32

 

 the early embryos of some nonmammals do not readily yield to cryogenic manip-
ulations. In embryos of organisms for which these factors are resident, cryopreservation efforts
have been generally shunted to some later embryonic or postembryonic stage of development in
which cryogenic manipulation is better tolerated.

 

10.3 CRYOPRESERVATION AND PHYLOGENY

 

The array of organisms having had some aspect of cryogenic storage or research effort cited in the
following paragraphs is arranged phylogenetically, starting with Platyhelminthes. In addition to
Protozoa, examples of whole-animal (embryos, immatures, larvae, etc.) studies involving cryo-
preservation can be found in Platyhelminthes, Acanthocephala, Aschelminthes, Annelida, Arthro-
poda, Mollusca, Echinodermata, and Chordata. Success with parasitic helminth cryopreservation
has been especially high, and in terms of the number of species and individuals, cryogenic storage
is used with this group more often than with any other group of animals. Earlier reviews on helminth
cryopreservation literature include those by Eckert,

 

10

 

 James,

 

33–38

 

 and Muller.

 

9

 

 However, unlike the
helminths, LN storage of the lower metazoans has not received much attention. Presumably,
cryopreservation of the germplasm of these animals can be stored as cell isolates in those few
species of sponges, corals, and cnidarians

 

39,40 

 

in which cell cultures have been developed. Yet, the
prospects bode well for anyone interested in preserving the lower metazoans in LN because many
have extraordinary regenerative abilities and may also have multiple reproductive forms, of which
some may be freeze tolerant or drought resistant.

 

41

 

 Furthermore, development of cryopreservation
technology for the lower metazoans would seem to be one of general interest, as a significant
number of these animals have been found to generate products that have a potential therapeutic
value for humans.

 

42

 

10.3.1 P

 

LATYHELMINTHES

 

For the trematodes, the sporocyst and, more commonly, the schistosomula stages of various 

 

Schis-
tosoma

 

 

 

ssp

 

. are the stages used for cryopreservation purposes.

 

38,43

 

 The schistosomula stage is the
migratory stage of development within the mammalian host, and the sporocyst is the intramolluscan
stage of this parasite. Cohen and Eveland

 

43

 

 compared glycerol to dimethyl sulfoxide (DMSO) as
a cryoprotectant agent (CPA) for the cryopreservation of 

 

Schistosoma mansoni

 

 sporocysts within
fragments of snail tissues and found that only DMSO allowed recovery and infectivity by the
parasites after LN storage. These results indicate that a penetrating cryoprotectant may be the only
effective way to preserve sporocysts contained within tissues of mollusks.

Techniques for cryopreservation of the schistosomules

 

 

 

include a single or two-step incubation
in 1,2-ethanediol (ethylene glycol) with a final concentration of up to 35%,

 

44,45

 

 which replaced the
earlier protocol of James,

 

46

 

 using 40% methanol. All techniques incorporate rapid cooling to LN
temperature. Recovery requires fast warming

 

45

 

 and is enhanced by the addition of serotonin and
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fetal calf serum to the thawing medium when cryopreserving large quantities of the schistoso-
mules.

 

47

 

 The use of live, irradiated schistosomes has been investigated for the production of an
immunizing vaccine to reduce schistosomiasis. Lewis et al.

 

48

 

 reported that suboptimal thawing rates
during recovery of the cryopreserved schistosomules eliminated the protective immunity of the
vaccine because of the resulting damage expressed in the larvae. Also, it was discovered that
irradiation of schistosomules in the cryopreserved state required higher doses of radiation to prevent
adult worm development because 1,2-ethanediol also apparently acts as a radioprotectant.

 

49

 

For the cestodes, the metacestode stage has been the stage of tapeworm development used for
cryopreservation.

 

36,50

 

 The metacestode stage of 

 

Echinococcus multilocularis

 

 is the larval stage and
is almost always found in liver. Eckert and Ramp

 

50 

 

gained a 100% infection rate after cryopreserving
tissue blocks containing the metacestodes of 

 

E. multilocularis

 

 in 10% glycerol and cooling to LN
temperature via a three-step protocol. Bretagne et al.

 

51 

 

obtained acceptable postcryopreservation
infection rates after shortening the technique by simply homogenizing the hydatid cysts in 10%
glycerol and cooling the mixture to LN temperature at a rate of –1°C/min. Short-term storage at
–30°C of alveolar hydatids of 

 

E. multilocularis

 

 of up to one-half year without cryoprotection was
reported by Jiang.

 

52

 

10.3.2 A

 

SCHELMINTHES

 

This large group of parasitic and free-living species includes what has nominally been divided into
10 different phyla. Among these different phyla, cryopreservation research has largely been con-
ducted on species falling within only two of the groups, the nematodes and the rotifers. The early
work on the cryopreservation of nematodes shows that certain species are quite permissive of
storage in LN in the absence of cryoprotective manipulations.

 

53–55

 

 Further, many species of nem-
atodes and rotifers are especially tolerant to desiccation to the extent that some can become
anhydrobiotic during one or more stages in their lifecycle.

 

56,57

 

 Thus, it is not especially surprising
that these animals are able to cope with the rigors of cryopreservation, because during dormancy,
they can accommodate an extreme loss of body water, and some even produce copious amounts
of trehalose to combat possible freezing damage.

 

58

 

10.3.2.1 Nematoda

 

The primary inducement for the cryopreservation of nematodes has often been to have a ready
supply of an infectious stage of larvae present for conducting research on some aspect of parasitism.
Maintaining the life cycle of many of zooparasites in the laboratory is costly and labor intensive,
and obtaining adequate animal hosts for research can often be problematic. Having the ability to
place parasites in LN storage reduces the maintenance costs and allows some flexibility in the
acquisition of permissive hosts.

Representative species from all the major groups of nematodes have been cryopreserved. For
the trichurids, the research has been limited to study of the 

 

Trichinella spp

 

. The host is infected
by consuming meat that contains encysted larvae, which are then freed in the intestinal tract. After
the parasites mate and produce offspring in the intestine, it is these offspring that migrate to the
muscle tissues of the host and encyst there.

Pozio et al.

 

59 

 

reported low survival (0.5–8.0%) and infectivity (2–33%) for 

 

Trichinella spiralis

 

,

 

Trichinella nativa,

 

 and 

 

Trichinella pseudospiralis, 

 

using a regime involving slow cooling of newborn
intestinal stage larvae in 10% DMSO to LN temperature followed by thawing and incubation in a
culture medium. In addition to DMSO, hydroxyethyl starch, 1,2-ethanediol, and polyvinylpyrroli-
done (PVP) were also tested as CPAs for cryopreserving the muscle stage larvae of 

 

T. spiralis

 

 and

 

T. nativa,

 

 without success. Neither stage of 

 

T. nelsoni

 

 survived any of the treatments. Further, the
muscle stage of the 

 

Trichinella

 

 larvae may be impermeable to the entry of the CPAs that were
tested in this study. For example, muscle-stage larvae of 

 

T. spiralis

 

 and 

 

T. nativa

 

 were successfully
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cryopreserved by Jackson-Gegan and James

 

60 

 

by using a pretreatment in 10% bile to increase the
surface permeability. This step was followed by incubation of the larvae in a methanol/ethanediol
mixture and rapid cooling to LN. Five-day postinfection recovery of cryopreserved adult worms
cryopreserved in this manner was high, but the reproductive capacity was significantly reduced.

The low temperature tolerance of muscle-stage larvae, in the absence of a CPA, can vary with
larval age and incidence of encapsulation. When devising cryopreservation protocols for various
domestic and sylvatic 

 

Trichinella 

 

species of parasites, it may be helpful to ascertain the chilling
tolerance of the various stages during the postinfection period. An array of seven 

 

Trichinella spp.

 

were exposed to temperatures ranging from –5°C to –18°C, and only 

 

T. nativa

 

 remained infective
after exposure to –18°C.

 

60

 

 In general, this study showed that the encapsulated species were more
chill tolerant than nonencapsulated species, as were the domestic versus the tropical species, and
the medium-age larvae (10–20 weeks postinfection) were tolerant, as opposed to the more sensitive
stages at 5 or 40 weeks postinfection.

Of all the nematode groups, hookworms, lungworms, and the intestinal parasitic species have
probably received the most attention as potential subjects for cryopreservation. Except for the
lungworms, the first two larval stages are free-living in the soil. The third larval stage (L3) is the
infective stage of development and has been used almost exclusively for cryopreservation of these
groups. However, there is one report in which the low-temperature preservability of the uterine
eggs of 

 

Angiostrongylus cantonensis

 

 was tested.

 

62

 

 In addition, techniques for using L1 larvae of
three species of intestinal worms, the human hookworm, and a 

 

Strongyloides spp

 

. have been
developed with acceptable survivability after recovery from LN.

 

63–65

 

 When using the earlier proto-
cols, removal of the sheath surrounding the body of the L3 stage was a requirement for successful
cryopreservation.

 

66–68

 

 More recently, the procedure for removing the sheath from the L3 larvae has
been successfully eliminated from the protocols for preserving a variety of species.

 

69–71

 

 Further,
valuable information on the long-term survivability of postembryonic animals after LN storage is
readily available as cryobiological research on various nematode species has been ongoing since
the 1970s.

 

53,54,66–68

 

 For example, it was reported by van Wyk et al.

 

72

 

 that in a study of gastrointestinal
parasitic species cryopreserved from 13.3 to 15.8 years, the mean poststorage developmental rate
in permissive hosts exceeded 33% in six of the eight species tested.

The inherent capacity of the nematodes to avoid the potentially damaging effects of severe
dehydration undoubtedly relates to a lack of the need to provide a CPA, as was commonly done
in the earlier studies. Typically, many of the exsheathed L3 stages of these parasitic worms can be
cooled and frozen in simple saline solutions and yet retain acceptable rates of infectivity following
recovery from LN.

 

54,55,66–68,73–77

 

 Key to the survival of these parasites when using these particular
protocols is the removal of the residual, unshed L1- and L2-stage cuticles (sheath) and the imple-
mentation of slow cooling rates. Apparently, L3 larvae with intact sheaths are resistant to water
loss, and they do not survive cryopreservation under these conditions without exsheathment.

 

67

 

Exsheathment, commonly done with incubation in dilute sodium hypochlorite, allows dehydration
of the L3 larvae via equilibrium freezing in the external medium. The dehydration of specimens
cooled in the presence of ice is driven by the difference between the vapor pressure of ice and the
supercooled water.

 

78

 

The exsheathment step can be avoided, at least with some species, by collecting L1 larvae,
which have no sheaths, or by employing an alternate cryopreservation regime with the L3
stage.

 

63–65,79–83

 

 With both stages of development, a CPA such as DMSO, DMSO/dextran, 1,2-
ethanediol, or methanol was used to replace the saline solutions of the earlier protocols, which
included the exsheathment procedure. For preservation of L1 larvae of 

 

Haemonchus contortus,
Trichostrongylus colubriformis,

 

 and 

 

Ostertagia circumcinta

 

, Gill and Redwin

 

63

 

 used a two-step
cooling method and used DMSO as the CPA. The significance of this study, beyond that of the
postcryopreservation high survival and infectivity rates, was that the drug-resistance/drug-sensitivity
response of the 

 

H. contortus

 

 strains was unimpaired following cryopreservation. This was an
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indication that selection against these particular traits was not occurring as a result of the cryo-
preservation process.

The procedures developed for cryopreserving the array of sheathed L3 species vary significantly
in the employment of cooling rates and CPA concentrations. However, the methods developed by
Titoy that were sufficient to gain the postcryopreservation survival and infectivity of three hook-
worm and two intestinal species are generally similar.

 

69,70,80,82

 

 These various methods use rapid
cooling by plunging the parasites into LN after one or two short incubation periods (30 seconds
to 20 minutes) in multimolar concentrations of 1,2-ethanediol. Other methods, such as that of
Duarte et al.,

 

71

 

 which was developed for cryopreserving the sheathed stage of the human hookworm,

 

Ancylcostoma ceylanicum

 

, use a single overnight incubation in 10% DMSO and dextran before
quenching in LN. Also, exsheathment was apparently not used when devising two methods for
cryopreserving the rat lungworm, 

 

Angiostrongylus cantonensis

 

. Both methods employed relatively
low levels of DMSO (4.8% and 10%) as the CPA, short incubation times, and slow cooling rates.

 

79,83

 

The moderately successful use of these dissimilar techniques for cryopreserving the various species
at the L3 stage indicates that considerable leeway exists when devising protocols. It also indicates
that optimization of the existing technology for individual species may result in significant increases
in survival and infectivity following recovery from LN storage.

Apparently, only a single species of an ascarid, the intestinal roundworm of dogs, 

 

Toxocara
canis

 

, has been cryopreserved in LN. Ramp et al.

 

84

 

 used the second-stage larvae for their studies.
The researchers incubated the larvae in 5% DMSO or 10% glycerol and submitted the larvae to
either of two slow-cooling schedules. Following recovery from LN and a 35-week 

 

in vitro

 

 culture
period, the cryopreserved larvae proved to be infective. Further testing of the cryopreserved larvae
showed that certain excretory and secretory antigens of this species were unaltered by the cryo-
preservation process.

Another group of nematodes that has received considerable interest in the cryopreservation
arena is the filarial worms. These worms are parasites of man and other vertebrates, and most have
a blood-sucking arthropod as the intermediate host and vector. The L3 juvenile stage is the infective
stage, conveyed to the primary host by the vector. Depending on the species, the bloodborne stage
within the vertebrate host that ultimately infects the vector (micofilariae) may or may not have a
sheath. The groundwork for cryopreservation of microfiliariae was done by Ham and his
coworkers

 

85,87,88

 

 and by Schiller et al.

 

86 

 

on several 

 

Onchocera spp

 

. After testing glycerol, DMSO,
methanol, and 1,2-ethanediol at low concentrations and also stepwise cooling in the earlier studies,
Ham et al.

 

88

 

 developed a two-phase incubation protocol in 10% 1,2-ethanediol for 15 minutes at
37°C, followed by 40% for 5 minutes at 0°C before quenching in LN. Recovery was accomplished
by rapid thawing in a culture medium at 37°C. Survival and development within the mosquito host
was greater than 72% of the unfrozen controls. This latter technique was also successful for
cryopreserving 

 

S. mansoni 

 

schistosomula

 

44

 

 and is remarkably similar to cryogenic techniques
subsequently developed for the vitrification and storage of insect embryos,

 

23–28

 

 mammalian
embryos,

 

30

 

 and various parasitic organisms.

 

37

 

 Ham et al.

 

88 

 

suggested that vitrification may have
occurred during the rapid cooling because the 20-µL droplets of microfilariae/CPA processed by
this protocol appeared clear and not opaque when viewed within the LN.

The technique of Ham et al.

 

88

 

 was adapted to cryopreserve microfilariae of 

 

Wuchereria
bancrofti

 

89

 

 and 

 

Brugia pahangi

 

,

 

90

 

 both of which are sheathed species, as opposed to the 

 

Onchocerca
spp

 

. Alternative techniques for sheathed and unsheathed microfilariae include those of Minjas and
Townson,

 

91

 

 Lowrie,

 

92

 

 Lok et al.,

 

93

 

 Cesbron et al.,

 

94

 

 Wang and Zheng,

 

95

 

 and Bartholomay et al.

 

96

 

 All
studies used slow cooling down to nucleation, and except for Minjas and Townson, all used low
levels (<10%) of DMSO or DMSO/PVP as the CPA. Minjas and Townson

 

91

 

 used 16% hydroxyethyl
starch as the CPA and were able to feed the thawed microfiliariae directly to mosquitoes and obtain
infectivity with four species of microfilariae without toxicity caused by the residual cryoprotectant.

The L3 vertebrate infective stage of the filarial worms has also been cryopreserved by using
various techniques. Ham and James

 

97 

 

used 20% methanol as the CPA and cooled 

 

Brugia pahangi
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L3 larvae slowly to –21°C before quenching in LN. Trpis et al.98 tested low concentrations of four
CPAs in a study on the cryopreservation of the infective stage of O. volvulus. The researchers found
that incubation in DMSO containing a low amount of sucrose yielded the best survival after slow
cooling to –40°C before plunging into LN. Rapid thawing gave the best recovery in this study. Lok
et al.93 also used their method for LN storage of microfilariae for preserving the L3 larvae of
Dirofilaria immitis, but molting of the cryopreserved L3 larvae to the L4 stage was only 10% or less.

A novel method for cryopreserving the infective larvae of Dipetalonema viteae was developed
by McCall et al.99 Ticks infected with D. viteae were incubated in 5% DMSO, cooled to LN
temperature for storage for over 1 year, thawed rapidly, and found to be suitable for infecting small
mammals (jirds). Larvae similarly preserved free of the tick host were not infective, which led the
authors to suggest that the nonsurviving tick, plus the DMSO, protected the larvae during the
freezing and thawing process. Another tissue method employed collection of blood from jirds
infected with Babesia divergens. DMSO was diluted with the infected blood to a concentration of
3 M, and then the mixture was cooled at a rate of –10°C/min to LN temperature. This protocol
resulted in an infectivity rate via intraperitoneal injection of the filariae into jird hosts of nearly
50% after recovery from LN.100 Similarly, Tagboto and Townson101 used the method that Ham et
al.88 developed for other Onchocera spp. and substituted methanol for 1,2-ethanediol for cryopre-
serving skin-snips containing O. lienalis microfilariae. The infectivity rate of the methanol-cryo-
preserved microfiliarae was found to be to be about 50% of the 1,2-ethanediol technique, but the
methanol method had the advantage of being easier to use under field conditions.

The early work of Sayre and Hwang53 showed that a plant-parasitic nematode, Ditylenchus
dipsaci, regardless of whether it was in an active or quiescent stage, survived LN storage by simply
being incubated in 7.5% in DMSO and slowly cooling to –25°C before being plunged into LN.
Riga and Webster102 obtained greater survival and reproduction of juvenile pinewood nematodes,
Bursaphelenchus spp., cryopreserved in glycerol as the CPA as opposed to DMSO. The low level
of DMSO (1% aqueous) as compared with 15% glycerol in culture medium may have contributed
to the low recovery for DMSO-treated larvae. Recent studies have increased the recovery and
infectivity rates of other plant parasites by adapting the 1,2-ethanediol technique developed by
Ham et al.88 for the Onchocerca spp. Carneiro et al.103 lengthened the two-step incubation periods
in the increasing amounts of 1,2-ethanediol to 2 hours (10%) plus 45 minutes (45%) before
submitting L2 stage juveniles of Meloidogyne javanica to a two-stage cooling regime and storage
in LN. Like the previous techniques for plant parasite cryopreservation, rapid thawing gave the
best survival and reproduction in the latter study.

The potential of the entomopathogenic nematodes for use in biological control programs
directed toward insect pests has stimulated some interest in the use of cryopreservation as a storage
mechanism for Steinernema feltiae and S. carpocapsae. The preliminary studies of Smith et al.103

on S. feltiae determined the toxicity levels of several CPAs, incubation temperature and equilibration
time in CPA, and survival after rapid or slow cooling. The researchers found that a short incubation
(45 seconds) in 60% DMSO at 0°C, followed by rapid cooling into LN, resulted in about 12%
survival of the L1 stage on rapid thawing. However, after a rapid thaw, 30–34% of the L3 infective
juveniles survived if they were previously incubated in 60% methanol or 45% glycerol for 20
minutes at 0°C and then cooled rapidly to LN temperature. In a later study by Lee et al.,104 infective
juveniles of a related species, S. carpocapsae, were cryopreserved by being preincubated in 22%
glycerol for 12 hours before exposure to 70% methanol at 0°C for 10 minutes and then rapidly
cooled. With this treatment, about 70% of the larvae survived, and they were reported to have
unimpaired pathogenicity.

Numerous mutant strains and lines of the free-living nematode, Caenorhabditis elegans, have
been frequently cryopreserved on a long-term basis. This often-studied animal is an important
organism to hundreds of laboratories around the world that investigate the genetics of development
and neurobiology. Sulston and Hodgkin106 developed a simple method that involves starving L1
and L2 stage larvae about 1 day and then placing them in 30% glycerol in buffer followed by slow
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cooling at about –1ºC/min. The storage temperature commonly used is either –80°C or –196°C,
and the recovery is by slow warming. Ohba et al.107 examined the survival of dauer larvae of C.
elegans and compared DMSO with glycerol as CPAs and slow versus rapid cooling. The researchers
found the survival to be greatest when glycerol and rapid cooling were employed with this particular
stage of development, where stress resistance and longevity are increased and metabolism and
developmental rates are decreased.

10.3.2.2 Rotifera

Rotifers, like nematodes, are a diverse group that exhibits a variety of metabolic responses (e.g.,
dormancy) to environmental stress. Rotifers are often used as a food source in marine aquaculture,
and cryopreservation provides a means to store various strains used in mass production and research.
There are two classes of rotifers, monogononts and bdelloids. Monogonont females are capable of
producing resting-stage eggs (diapause) during a mictic phase, whereas the bdelloids are capable
of entering anhydrobiosis under stressful environmental conditions.108 The euryhaline monogonont,
Brachionus plicatilis, is commonly used in the culture of marine fishes, and it is the species on
which the research on the development of a cryopreservation protocol for rotifers has been con-
ducted. Both mictic (haploid males if unfertilized) and amictic eggs have been tested for survival
after various cryogenic procedures that employed DMSO, glycerol, or 1,2-ethanediol as the CPA
and after slow cooling to –20°C for an equilibration period before plunging into LN.109–112 Using
a mixed culture of adults, with or without parthogenetic eggs, Okamoto et al.109 tested cooling rates
of from –0.2°C to –10°C/min after incubation in 10% DMSO. Cooling rates of –0.3°C/min or less
resulted in about 40% of the rotifers hatching from the eggs, but no adults survived any of the
testing. Likewise, Hadani et al.111 obtained from 15–28% success in hatching from a mixed culture
of cryopreserved adults bearing amictic eggs. It is intriguing that starving the adult rotifers before
cryopreservation and a diet of the alga Nannochloropsis improved the post-thaw survival of the
hatchlings. Better survival (53–63%) was obtained by Toledo and Kurokura112 by carefully choosing
an optimum stage of embryonic development for cryopreservation, increasing the equilibration
time, and feeding the hatchlings Chlorella on recovery. Late-stage embryos (stage III) were the
most tolerant to the cryogenic manipulations. Young embryos (stage I) did not survive, paralleling
what is described in following sections with respect to the early-stage arthropod, mollusk, crusta-
cean, and echinoderm embryos.

A noteworthy report by Balompapueng et al.113 indicated that resting eggs of B. plicatilis survive
lyophilization and storage by canning at partial pressures of up to 101 kPa. Survival after storage
for 6 months was similar to untreated controls when the eggs were desiccated for 12 hours, frozen
before lyophilizing at –40°C, canned at a partial pressure of 61 or 75 kPa, and then stored at 5°C.
The authors suggested that this procedure could be improved by using eggs at the beginning of the
resting stage and by pretreating with an antimicrobial agent. The eggs used in this test already had
been stored for 6 years in the dark at 4°C.

10.3.3 ANNELIDA

Interest in annelid cryopreservation has thus far been limited to worms having a commercial value
to the fishing industry as bait. The polychaete, Nereis virens, has been commercially mass reared
and supplied to the European bait-worm market since 1984.114 Olive and Wang115 developed a
cryopreservation method to provide a means to rear this worm on a year-round basis. The three-
segment juvenile stage is used in a protocol that includes incubation in 1.4 M DMSO and a chilling
at a –2.5°C/min cooling rate to –25ºC before plunging into LN. Recovery from storage was by a
rapid thaw in seawater. A preliminary report by Setti et al.116 indicated that the cryopreservation
of the embryonic stage was also possible for the polychaete Ophryotrocha labronica.

2772_C010.fm  Page 278  Friday, July 14, 2006  2:54 PM

© 2007 by Taylor & Francis Group, LLC



Cryopreservation of Nonmammalian Metazoan Systems 279

A subsequent study by Wang and Olive117 that compared the tissue ultrastructure of cryopre-
served and untreated N. virens larvae demonstrated that cilia and pigment were missing from the
prostomia of larvae recovered from LN. However, this result was deemed not to be a threat to
survival. More serious was the treatment of the larvae before or after the optimum stage of
development. Significant structural damage to the tissues of the gut was observed. Interestingly,
this consequence has also been observed in our studies with the cryopreservation of several dipteran
species (Rajamohan and Leopold, unpublished data), and similar damage has been reported to
occur in the cryopreserved parasitic intestinal nematodes O. circumcincta, N. spathiger, and C.
ovina.71

10.3.4 MOLLUSCA

The effort toward cryopreservation of mollusk embryos and larvae has been a moderately successful
endeavor occurring mostly within the last 10–15 years. Of the bivalves, representative oyster, clam,
and mussel species have all had long-term preservation protocols developed to facilitate manage-
ment of brood stock production and for use as a ready source of bioindicators for testing possible
pollution of oceans and estuaries.

The interacting variables, such as CPA toxicity, developmental-stage tolerance to cryogenic
procedures, equilibration time, cooling rate, and cooling endpoints, which are essential to the
successful formation of any cryopreservation protocol, have been extensively studied for the
shellfish. For example, preliminary CPA toxicity testing by Renard and Cochrand118 on three species
of shellfish embryos, Crassotera gigas, Ruditapes phillippinarum, and Pecten maximus, indicated
that methanol proved to be superior to 1,2-ethanediol, 1,2-propanediol (propylene glycol), DMSO,
and glycerol/sucrose when examining biochemical and osmotic parameters. Renard119 subsequently
combined methanol with sucrose and examined the survival of early embryos of the Pacific oyster,
C. gigas, at various subzero temperatures. Sucrose was found to slightly moderate the damaging
effects of 0.5 M methanol, but few survived 15 minutes at –20ºC at the 1.0 M level. Also, methanol
incubation at 0ºC for 25 minutes was found to disrupt the ultrastructure of the plasma membrane
and cytoplasmic organelles of the Pacific oyster embryos. Similarly, Chao et al.120 determined that
early- and late-stage oyster embryos tolerated 1–2 M of acetamide, DMSO, 1,2-ethanediol, or 1,2-
propanediol, and that the late stages were less vulnerable than the early stages to the toxic effects
of these CPAs at the 4 or 5 M level. DMSO was generally less toxic than the other CPAs on a
molar basis. Combinations of DMSO and acetamide (5 M total) were less toxic, and the addition
of trehalose or glucose to the higher CPA concentrations also reduced the toxicity for all stages of
development.

Liu and Robinson121 examined survival rates of Pacific oyster embryos after 30 and 60 minutes
of exposure to DMSO, 1,2-ethanediol, methanol, glycerol/sucrose, or PVP and to various mixtures
of these CPAs. No significant toxicity blocking could be discerned by the addition of one CPA to
another (e.g., DMSO + PVP or DMSO + sucrose). Glycerol proved to be highly toxic to both the
two- and four-cell embryo and also to the trochophore stage. Further, temperature was found to be
the limiting factor in testing the time for equilibration in sucrose. Tompkins and Couturier122

assessed 4°C and 15ºC as equilibration temperatures for three CPAs and demonstrated that Mytilus
edulis trochophore survival was higher at 4ºC than at 15ºC for sucrose but that these temperatures
had little effect on ameliorating the toxicity of either DMSO or 1,2-ethanediol.

Concurrent with the above-cited studies, others examined cooling rates and also gained pre-
liminary results on survival after LN storage. Toledo et al.123 cooled early cleavage embryos and
trochophores of the blue mussel, M. edulis, at slow rates to –20°C, –30°C, or –40°C in 1.5 M
DMSO with a hold for 5 minutes before plunging into LN. Survival of the trochophore stage, when
cooled at 0.5°C/min to –30°C before LN quenching, was nearly 50%, but some of the larvae showed
delayed or abnormal development. Xue124 demonstrated that the succeeding stage of development
(veliger larva) of the scallop, Chlamys farreri, was the most tolerant to cryopreservation when
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using 10% glycerol + 4% sucrose. Cooling was at –1°C/min to –20°C before plunging into LN,
and as in the previous study, the thawing was rapidly done. Survival rates reached 65% when using
the veliger larvae, and no trochophores survived when using this protocol. Gwo125 obtained about
38% survival by using 10% 1,2-propanediol as the CPA and cooling at a rate of –2.5°C/min down
to –30°C before placing trochophores of the Pacific oyster into LN. This study, like those before,
showed that the oldest stage of development tested was the most tolerant to the cryogenic treatment
and yielded the greatest survival after thawing.

Using a more complex cooling and equilibration procedure, Chao et al.126 cryopreserved mixed
ages of late embryos and early larvae of the oyster C. gigas and the hard clam Meretrix lusoria.
High survival (C. gigas = 62–75%; M. lusoria = 73–84%) was obtained by equilibrating three
times in 2 M DMSO and 0.06 M trehalose at 27°C, 12°C, and 35°C and by employing slow cooling
between the temperatures of 0°C and –12°C and between –12°C and –35°C before quenching in
LN. Recovery was by rapid thawing at 28°C before returning to seawater. More than 1000
embryos/larvae were able to be processed within plastic straws with the methods developed in this
study. A vitrification schedule, modified from that used for cryopreservation of Drosophila,24 was
also tested, but survival averaged less than 15%.

Recently, Choi and Chang127 tested the method of Chao et al.126 on the pearl oyster, Pinctada
fucata martensii, and examined replacement of trehalose with fructose, glucose, or sucrose. With
this species, the D-shaped larval stage was significantly more tolerant of the freezing procedure
than the trochophore stage. Up to 91% of the D-shaped larvae survived cryopreservation when
either sucrose or glucose was added to 2 M DMSO, as opposed to about 43% in the trochophore
stage.

Paniagua-Chavez and Tiersch128 and Paniagua-Chavez et al.129 used a protocol very similar to
that of Gwo125 to cryopreserve the trochophores of the Eastern oyster, Crassostrea virginica, in
large quantities. Survival approached 100% when about 150 trochophores were cryopreserved in
5-mL macrotubes, but survival fell to less than 10% when 50,000 larvae were processed per tube.
The authors indicated that the maximum number of survivors that could be obtained from a 5-mL
macrotube was 4000 from samples when starting with no greater than 50,000 trochophores. It was
suggested that this survival could possibly be improved with better culture conditions following
recovery from LN storage. Further, when comparing yields of oysters produced, the number of
adults developing from the survivors in the cryopreserved group was 85% of a comparable number
of individuals in an untreated group.129

10.3.5 ARTHROPODA

Although the arthropod group exhibits the most diversity and number of species in the animal
kingdom, most of the interest in long-term LN storage generated so far has been with penaeid
prawns and dipteran insects. On a worldwide basis, literally billions of animals in these two groups
are produced under mass-rearing conditions each week for purposes of consumption as food
(prawns) or for use in areawide autocidal pest-control programs (insects). For this reason, the
development of cryopreservation methods for use in the maintenance of brood stock and storage
of germplasm for research purposes becomes an important and necessary endeavor.

10.3.5.1 Insecta

There are three reports on the successful freezing and recovery of live whole insects at liquid gas
temperatures in the absence of cryoprotectants. As mentioned earlier, Hinton13 used liquid helium
to freeze cryptobiotic midge larvae. Also, Tanno130 and Moon et al.131 used lengthy stepwise cooling
regimes to freeze prepupae of the sawfly, Trichiocampus populi, and larvae of the drosophilid,
Chymomyza costata, respectively, before quenching in LN. These studies of freeze tolerance to
liquid gas temperatures appear to be the exception rather than the rule for insects. Lee132 surveyed
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the literature on overwintering insects, and of the more than 35 reports that were listed, in addition
to that of Hinton,13 Lee found that only two species were observed to survive temperatures
approaching 80°C, and three in the range from –50°C to –55°C. Further, with one exception, none
of the other insects, where cryopreservation protocols have recently been developed, exhibit long-
term dormancy or freezing tolerance capabilities.

To date, the key to the development of successful cryopreservation protocols for insects has
been the ability to permeabilize the embryonic stage and also to discover a stage of embryonic
development amenable to the vitrification process. Permeabilization of the fly and midge species,
where cryopreservation has succeeded, entails removal of two barriers associated with the egg
membranes that surround the dipteran embryo.5 Before cryopreservation, an egg chorion (outer
shell) is stripped off by incubation in dilute sodium hypochlorite, and an inner lipid layer on the
vitelline membrane is removed by an alkane extraction. Although chorion removal is easily done,
the method for elimination of the impermeable lipid layer needs to be tailored to a particular
species.25–28,133,134 The differences observed in the ease of extractability and the relative toxicities
to the embryo are probably a result of a species variation in the composition of the lipid layer.135

The egg membranes of late-stage A. gambiae embryos have thus far been resistant to development
of an effective permeablization procedure that will allow embryo loading with a CPA to a level
that allows vitrification.19–21 It was shown by Mazur et al.22 and Liu et al.136 that blocking the
melanization process, thought to cause onset of the membrane impermeability of the older mosquito
embryos, also has little effect on facilitating permeation of cryoprotective solutes. As an alternative
to cryopreserving mosquito embryos, Liu and Mazur137 and Liu et al.138 have since made efforts to
determine the susceptibility of the first instar larval stages to water loss and the influx of 1.5 mol/L
methanol or 1,2-ethanediol. The findings of these researchers are encouraging because the scientists
discovered that permeation does indeed occur and that methanol and 1,2-ethanediol can reach as
high as 75% and 81% of equilibrium, respectively, before becoming toxic.

The early work of Heacox et al.139 showed that permeablized late-stage embryos of the house
fly, Musca domestica, equilibrated stepwise in DMSO at 0°C to a final concentration of 2 M,
survived only a few minutes at –20°C or –30°C. These results were obtained regardless of whether
the embryos were cooled slowly (–1°C/min) or at rate of –80°C/min1. Survival was further reduced
when treating the younger stages of embryogenesis, and no embryos younger than 3 hours
postoviposition survived exposure to subzero temperatures. The kinetics of the chilling sensitivity
of related embryos throughout their development was subsequently verified by Meyers et al.140 and
Mazur et al.141 with D. melanogaster and by Miles and Bale142 with the gall midge, Aphidoletes
aphidimyza.

Additional work by Myers et al.143 demonstrated that avoidance of intracellular ice formation
via equilibrium freezing with Drosophila embryos could only be accomplished by cooling rates
less than 1°C/min, a rate that would be lethal because of the inherent chilling sensitivity at this
stage of development. Subsequently, Steponkus et al.144 were the first to gain survival of D.
melanogaster embryos by using an approach to avoid chilling injury, in which 12–14-hour-old
embryos were first loaded with 2.1 M 1,2-ethandiol at room temperature and then exposed to 8.5-
M 1,2-ethandiol at 0°C to raise the intraembryonic concentration of the CPA to a high level by
osmotic removal of additional water. With these preparatory steps, the embryos were then vitrified
by rapid cooling in nitrogen slush. Recovery required equally rapid warming, and the hatching of
the embryos recovered from LN reached 19%, with about 3% emerging as adults. Mazur et al.144

had better slightly better success by devising a different permeabilization technique and vitrification
mixture. After these initial successes, Mazur et al.22 and Steponkus and Caldwell23 each refined
their vitrification techniques for Drosophila embryos by determining the optimum stage for cryo-
preservation, increasing the efficiency of the permeabilization process, improving the vitrification
fluid, and changing the posttreatment culture techniques for the recovering embryos and larvae.
With these changes, hatching increased to the range of 60–75%, and about 40% of these larvae
developed into adults.
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Wang et al.,25 when attempting to apply the Drosophila cryopreservation procedure22,23 to
preserve housefly embryos, found that several significant modifications were required to gain
survival. These modifications included eliminating the carryover of alcohol into the alkane lipid-
extraction procedure, substituting Schneider’s cell culture media for the BD20 solution as a diluent,
formulating a vitrification solution that contained 1,2-ethandiol, polyethylene glycol, and trehalose,
cooling the embryos by exposure to LN vapor for 1 minute before quenching, and adding fetal
bovine serum to the recovery medium. With only slight modifications, this technique was also used
by Leopold et al.26 for cryopreservation of the New World screwworm, Cochliomyia hominivorax,
and also by Rajamohan et al.28 for the Mediterranean fruit fly, Ceratitis capitata.

Although cooling and warming rapidly at exceedingly high rates appear to be at the core of
the Drosophila procedures, annealing in LN vapor before cooling to LN temperature, coupled with
another pass through the vapor on warming, seems to be the most important aspect of the procedures
for the other flies. Wang et al.25 suggested that the annealing procedure rendered the larger housefly
eggs less vulnerable to fractures during the vitrification process and therefore resulted in greater
survival. Using cryomicroscopy techniques, Rajamohan et al.146 compared several vitrification
solutions used in cryopreserving embryos of the Mexican fruit fly, A. ludens. They concluded that
less fracturing occurred in solutions used to vitrify Mexican fruit fly embryos, which are about 1.5
times larger than those of the housefly, if they were annealed before quenching in LN. Fracturing
was also reduced if the vitrifying solutions contained 5% polyethylene glycol in addition to the
40% ethylene glycol. Hatching reached 62% when the embryos were annealed at temperatures
between –120°C and –130°C but fell to 11% or less when embryos were plunged directly into LN.

Nunamaker and Lockwood27 slightly modified the Drosophila technique of Steponkus and
Caldwell23 to cryopreserve late-stage embryos (12–14 hours postoviposition) of the midge,
Culicoides sonorensis. Cooling after CPA loading and dehydration of the embryos was performed
by quenching in liquid propane. They obtained about a 19% yield of adults from a hatch rate of
nearly 43%. Most of the mortality expressed by applying this technique was caused by the
dehydration step in the presence of the multimolar concentration of CPA and also during the
development of the larvae to the pupal stage. The authors suggested that optimizing the embryonic
age used for cryopreservation and reducing the toxicity of dehydration process would likely
increase survival.

There are two reports on efforts to cryopreserve moth embryos147,148 using the vitrification
technique developed for Drosophila.23 The yield of beet armyworm, Spodoptera exigua, adults
cryopreserved as embryos was low (<2.0%), but it is encouraging that this technique may be
applicable, with some modifications, to other insects than dipteran flies. Obtaining a low yield of
adults is not uncommon when attempting to adapt a method developed for another species. As
mentioned earlier, the diverse nature of the class Insecta with respect to rates of embryonic
development, complexity of egg membranes, tolerance to chilling, and the reaction to potentially
toxic CPAs requires that each protocol be tailored to fit a particular insect species.

10.3.5.2 Crustacea

Cryopreservation studies on crustaceans are almost exclusively limited to a few genera within the
entomostracan and malacostracan groups. Entomostracans of the Artemia spp. are an important
food source for the aquaculture industry worldwide.149 Artemia have a cryptobiotic embryonic cyst
stage150 that allows the embryos to be stored on a long-term basis under certain conditions.
Nevertheless, it has been beneficial to cryopreserve the various species and brood stock strains that
are currently being cultured to augment the dwindling supply that is harvested annually from sources
such as the Great Salt Lake in Utah.

The early studies of Baust and Lawrence151,152 examined the chilling tolerance of A. salina.
Larvae, 0–24 hours, were placed in the presence or absence of glycerol, DMSO, glucose, or sucrose
either as single or combined two-component solutions and were slowly cooled to, or directly placed
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at, 1ºC. The older larvae were more tolerant to prolonged chilling, and the single and multiple-
component systems enhanced survival for all ages of larvae, especially when in higher concentra-
tions. Glycerol as the CPA yielded the best survival, and slow cooling showed an advantage over
direct transfer or fast cooling rates. Little research on cryopreservation of brine shrimp larvae was
conducted until 1994, when Liu and Lu153 conducted studies similar to those of Baust and Lawrence
on Artemia spp nauplii and also on the zoea of Eriocheir japonicus hepuensis. The researchers
gained high survival of the shrimp nauplii frozen to –30ºC for a few minutes in 20% glycerol; for
the crab zoea, viability was best when frozen at –24ºC in 20% methanol.

Liu and Lu154 shifted their emphasis on Artemia preservation to the embryonic stage and gained
success by using decapsulated embryos. The blastula stage survived LN exposure when glycerol
+ DMSO, glucose + sucrose, or saturated NaCl was applied as the CPA. Slow cooling rates were
used to the point where nucleation occurred, then the embryos were placed into LN. The cryopro-
tective activity by the CPAs was suggested to be related to the strong dehydration effect. Alfaro155

likewise used decapsulated embryos of Artemia and applied 20% DMSO as the CPA. Freezing was
by holding over a metal surface cooled to LN temperature. Survival after LN storage was increased
from 17% to 39% by prior dehydration in a hypersaline solution, confirming the supposition of
Liu and Lu154 on the beneficial effects of dehydration. Zhang et al.156 followed these successes by
developing another cryopreservation procedure after testing five vitrification solutions on Artemia
embryos and nauplii. Survival of the nauplii was low (3–5%), but embryo survival after cryopreser-
vation in LN was reported to reach 90%. It is unclear whether vitrification of the intact embryos
actually occurred, but indirect evidence in a subsequent study by Zhang et al.157 leads one to conclude
that it probably does not. The authors’ interpretation of scanning electron micrographs of embryos
sampled during this procedure was that when the embryophoric membrane was damaged, the
cryoprotectant penetrated the embryos and resulted in death.

Cryopreservation techniques for the penaeid prawns have not yet been developed for general
use, but considerable effort has been expended toward this goal.158,159 Baust and Lawrence160 also
initiated the cryopreservation research on penaeids by examining the tolerance of Penaeus setiferus
larvae to freezing at –30ºC by using various cooling rates and procedures. Although the nauplii
and protozoea stages tolerated freezing, cold conditioning these stages did not result in enhanced
long-term survival. Since this study, there have been numerous reports on attempts to cryopreserve
no fewer than 10 species of penaeid nauplii or zoea, but most studies have indicated little success
on the recovery of viable animals after LN exposure. Some of the more noteworthy studies include
those of Newton and Subramonium,161 Gwo and Lin,162 Arun (a.k.a. A. Rajamohan) and Subramo-
niam,161 and Subramaniam and Browdy.164

Newton and Subramonium161 examined the toxicity of seven low–molecular weight CPAs on
P. indicus naupulii and compared it to that of similarly treated morula stage embryos. It was
concluded that for this species, the nauplii were more tolerant to the CPAs than were the embryos
and were also suitable subjects for a slow cooling or perhaps a vitrification protocol. In an extensive
study of cooling and cryoprotectant toxicity, Gwo and Lin162 tested 42 different cooling regimes
on P. japonicus larvae, using five CPAs that have been labeled either as permeating or nonpermeating
in other cryogenic systems. DMSO was deemed to be the most toxic to all stages, and methanol
the least. Chilling tolerance was greatest in the older juveniles, and although a few juveniles survived
freezing at –196ºC, none developed to the next stage. Choice of an optimum cooling rate was
instrumental to gaining survival of larvae of P. monodon in an 1,2-ethanediol/DMSO mixture cooled
to –70ºC.163 Litopenaeus vannamei nauplii and zoea only tolerated cooling to –20ºC in a more
complex four-component mixture of permeating and nonpermenating CPAs.164

Ma and Wei165 reported that they were able to obtain a respectable 36% survival of P. orientalis
stage 4 and 5 nauplius larvae after slow cooling at –1ºC/min in relatively low concentrations of
DMSO in seawater to LN temperature. However, the survivors were damaged and had difficulty
swimming. Further confirmation of this 1996 study has not been forthcoming.
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On attempting to compare the results of the above-mentioned studies, it is evident that there
is wide variation in the response of the penaeid juveniles to various cryoprotectant mixtures, cooling
rates, equilibration times, and so on. Some of the variation is, no doubt, species related, and the
rest probably involves the experimental designs and yet-unknown factors.

Like the Artemia spp, there have been numerous attempts to try to develop a cryopreservation
protocol for the embryonic stages of penaeids. The cryogenic treatment of shrimp embryos is
problematic because the embryo is protected by a selectively permeable hatching envelope, and
the eggs during early embryogenesis are equipped with abundant amounts of yolk.166 Robertson
and Lawrence167 determined that penaeid shrimp morulae had a low tolerance to relatively low
concentrations (0.17–7%) of cryoprotectants, and the researchers suggested that the toxicity
expressed is probably of osmotic origin. A number of succeeding studies have reconfirmed these
observations, and in general, the older embryonic stages are also more chilling tolerant than the
young embryos.160,161,163,165,166 It is interesting that, except for one study, none of the reports that
have studied CPA toxicity have been concerned with the permeability of the hatching envelope that
surrounds the embryo. Simon et al.168 increased CPA permeation by treating P. indicus gastrula
stage and 5-hour-old embryos with either dilute sodium hypochlorite or protease. The permeability
of the hatching membranes of untreated embryos increases with age and in all ages after applying
the permeabilization techniques. Survival of the embryos with permeabilized membranes survived
exposure to higher concentrations of CPAs than were reported in previous studies, indicating that
perhaps the toxicity displayed was of an osmotic nature rather than biochemical. In summary, it
should also be noted that the penaeid larval stages are more tolerant to most CPAs, and they are
definitely more resistant to short-term chilling damage, which ostensibly makes them better can-
didates than the embryos for developing cryopreservation protocols.

There are several reports on the successful cryopreservation of barnacles. Gakhova et al.169

used a two-step cooling procedure and 1.5-M DMSO as the CPA to cryopreserve stage II nauplii
of Balanus improvisus. Cooling was at a rate of about –6ºC/min, down to between –38°C and
–42ºC, with a 10-minute hold before quenching in LN. Recovery was by a fast thaw in 20°–25ºC
seawater. About 30% of the barnacles were capable of developing on to the cypris stage. Likewise,
Anil et al.170 tested the toxicity of DMSO, 1,2-ethanediol, and glycerol as CPAs, varying the
equilibration times, and also tested two-step cooling regimes on B. amphitrite nauplii. On recovery,
about 36% of the nauplii developed to the next stage after equilibration in 3 M ethanediol and
cooling to –40ºC before quenching in LN. Oo171 used a technique similar to that of Gakhova et
al.169 for cryopreserving B. amphitrite nauplii, except that the cooling regime consisted of nucleation
at –12ºC, cooling to –30ºC at a rate of –0.5ºC/min before LN quenching. Survival reached 78%,
and about 20% of the recovered nauplii developed to the next stage with this procedure.

10.3.6 ECHINODERMATA

To date, little work on echinoderm cryopreservation has been conducted. However, the studies by
Asahina and Takahashi172,173 on sea urchin embryo and sperm preservation are probably among the
most often cited reports in cryopreservation-related literature, especially in review articles, because
they represent early successes in the cryopreservation of nonmammalian systems. Recently fertilized
eggs and late embryos of Strongyloncentrotus intermedius and Hemicentrotus pulcherrimus were
in held in 1.5 M 1,2-ethandiol or DMSO at –40°C and –76ºC, respectively, for 15 minutes before
quenching in LN. As with other systems, survival was greatest for the older embryos after recovery
(90%), as opposed to the early embryos (10%). No survival was seen with unfertilized eggs. Rapid
cooling and warming was more damaging to young embryos than to the older stages. A later study
by Gakhova et al.,174 also using sea urchin embryos, employed an equilibration at 0ºC. Freezing
was then initiated by seeding at –7ºC and was followed by slow cooling to about –40ºC before
transferring to LN. The authors also reported about 90% survival for blastula through pluteus-stage
embryos on recovery. Others using similar techniques have had varied success cryopreserving the
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pluteus stage in 1-2 M DMSO. They include Adams et al.175 with Evechinus chloroticus, Barros et
al.176 with Lorechinus allus and Barros et al.177 with Tetrapigus niger.

10.3.7 CHORDATA

The most significant effort toward seeking a long-term storage protocol for nonmammalian verte-
brates has been directed toward fish. Fish embryos present formidable barriers to cryobiologists.
This is, in part, because of the relatively large size of the embryos, their high chilling sensitivity,
and an abundance of yolk that is carried past the hatching stage. In addition, CPA permeation is
thwarted by the multicompartmental system of the embryo and the complex membrane structure.
These barriers have spawned a number of novel approaches by researchers in their efforts to
circumvent the various incompatibilities that fish embryos have with conventional cryopreservation
procedures. Although these various approaches have yet to solve the problems fish embryos present,
these research efforts provide an excellent format for resolving related difficulties when attempting
to cryopreserve other complex animal systems.

10.3.7.1 Pisces

The initial determination of the chorion as a possible barrier to CPA permeation was made by
Harvey et al.179 and Harvey and Ashwood-Smith178 on rainbow trout and zebrafish embryos,
respectively. Permeation of the trout embryos by radio-labeled methanol, DMSO, or glycerol was
found to be inversely proportional to the MW. Dechorionation of the zebrafish (Brachydanio rerio)
embryos resulted in a several-fold increase in embryo permeability to glycerol and DMSO, but
both of the CPAs were toxic at concentrations of greater than 1 M and at exposure times of more
than 1 hour. In neither study did the intraembryonic levels of CPA approach equilibrium, with
exposure times up to 2 hours.

Extensive studies on the permeability barriers within the compartments of dechorionated
zebrafish embryos at epiboly and the three- and six-somite stage have been made by Hagedorn et
al.,180–182 using magnetic resonance microscopy and spectroscopy. These studies identified two major
membrane-limited compartments, one containing the yolk and the other the blastoderm, that were
permeated by methanol but excluded 1,2-propanediol and DMSO. Further, it was shown that the
two compartments differed in the distribution of water and had relatively equal water permeabilities,
but the permeability of the yolk compartment to DMSO was threefold less than that of the
blastoderm. It was suggested that the yolk compartment and the overlying yolk syncytial layer
would be the most susceptible to damage based on inadequate cryoprotection, and this was con-
firmed by microscopic examination of cryoprotectant-exposed embryos after a freeze–thaw cycle.

During epiboly (invagination), the blastoderm cells surround the multinucleate yolk syncytial
layer (YSL) which, in turn, surrounds the yolk. Although the chorion is generally permeable or
may be removable from fish embryos by enzymatic digestion or chemical treatment,183 it is the
YSL that lies between the blastoderm and the yolk that is reportedly responsible for blocking CPA
entry and exit from the yolk.180 It is unclear how the YSL blocks permeation of certain cryopro-
tectants. Rawson et al.184 examined the ultrastructure of the YSL plasma membrane and compared
it to that of the blastoderm cell mass. No obvious structural modifications were found in either of
the membranes that would indicate a mechanism for some type of barrier to cryoprotectant move-
ment. It was suggested that boundary structures surrounding the yolk granules and the yolk mass
itself may be responsible for the impermeability. Recent reports indicate that membrane channel
proteins have a role in the regulation of water and solute movement in the gills of catadromous
fishes.185 Similar proteins may also be present in the membranes of YSL and have a similar function
(see below for discussion of aquaporins).

To overcome the impermeability barrier of the fish embryo to cryoprotectant permeation, several
novel approaches have been attempted. Janik et al.186 injected CPAs into the yolk of zebrafish
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embryos after epiboly in an effort to raise the concentration of either DMSO or 1,2-propanediol
to vitrifiable levels. The calculated level of 1,2-propanediol within the yolk was nearly 6 M, but
examination of the post-thaw morphology of yolk syncytial layer of embryos submitted to a
vitrification protocol showed no protection from damage. It was suggested that optimization of the
various steps in the vitrification protocol may yield better results.

In another approach, Bart and Zohar187 presented preliminary data on the use of electroporation
and ultrasound cavitation to increase membrane permeability of zebrafish embryos. The researchers
found that the older embryos (30–60% epiboly) were more tolerant of both techniques than were
the 4- and 16-cell stages. In a later study, Bart and Kyaw188 examined permeation of 40–60%
methanol solutions applied via the ultrasound treatment. The older embryos were again the most
tolerant to the ultrasound/methanol treatment, with about 45% surviving after applying methanol
at a concentration of 45%.

Routray et al.189 also presented a preliminary report on the use of hydrostatic pressure to increase
permeation of DMSO into eggs and embryos of medaka, Oryzias latipes. Initial exposure to 1 M
trehalose before application of the pressurized CPA treatment was found to significantly increase
levels of DMSO within 8-cell embryos without affecting survival. Uptake of DMSO by unfertilized
eggs was also increased with this procedure, but survival was diminished. Permeation of the older
embryos displaying eye development was ineffective with this method. Effectiveness of this
method varied with CPA concentration, impregnation time, type of CPA, and stage of embryonic
development.

Another promising scheme to increase water and solute movement across membranes is the
use of aquaporins. Aquaporins are membrane channel proteins that have osmoregulatory functions.
Artificially induced expression of a water channel aquaporin (AQP3) was shown to increase survival
of mouse embryos after cryopreservation.190 Likewise, Hagedorn et al.191 have demonstrated
increased membrane permeability to water and cryoprotectant after injection of mRNA for AQP3
into zebrafish embryos. Expression of AQP3 was subsequently demonstrated to begin 30 min after
injection into the yolk of 1–4 cell embryos.192 Within 24 hr, aquaporin activity spread to the
membranes of the blastoderm and YSL and then diminished after 96 hr. The results of these studies
indicated that the amount of cryoprotectant that could permeate the embryo after aquaporin treat-
ment would be in the range that would normally allow cryopreservation.

Chill sensitivity, another barrier to cryopreservation, has also been characterized as to devel-
opmental stage, temperature of exposure, and length of exposure in the embryos of several com-
monly cultured species. Zhang and Rawson193 examined chilling tolerance of zebrafish embryos at
0°C to –20ºC. They found the midstage embryos (27–40 hours old) to be the most tolerant and the
preheartbeat stages to be the most sensitive. In addition, the prehatch stage was slightly less sensitive
than the early stages. Cold tolerance of all groups decreased as the temperature was lowered to
subzero levels. Methanol containing sucrose (0.1 M) ameliorated chilling injury at subzero tem-
peratures, and the optimal concentration of methanol was temperature dependent. The highest
concentration (5 M) was most effective at –15ºC. Similar analyses of chilling of Cyprinus carpio
embryos showed the heartbeat stage to be the most tolerant to chilling at 0°C and 4ºC and that
methanol, glycerol, and sucrose lessened the damaging effects of longer-term chilling.194–197 In a
later study, Zhang et al.198 reported that methanol also enhanced survival of zebrafish embryos, as
the cooling rate was increased from –30°C to –300ºC/min and then down to –5ºC. Implementation
of anoxia and developmental arrest had no effect on chilling sensitivity. Further, Hagedorn et al.199

demonstrated that chorion removal also did not affect tolerance to the chilling of zebrafish embryos.
An interesting report by Liu et al.31 implicated the yolk of zebrafish embryos as the possible

site of damage caused by chilling. Partial removal of the yolk at the prim-6 stage of development
reduced cold-shock injury caused by rapid cooling. This study also examined the relationship of
cooling rate and time of subzero exposure with developmental stage. With 64-cell embryos, the
time of exposure to low temperature was more of a factor in eliciting chilling damage than rate of
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cooling, whereas damage expressed in embryos in the later stages of development was a conse-
quence of both rapid cooling and time of exposure at low temperature.

Most of the studies on cryoprotectant toxicity reported in the literature have dealt with low
concentrations of CPAs (<3.0 M) and have used relatively long incubation times in an effort to
gain sufficient permeation of the embryos of a wide array of freshwater and marine species.200–204

Of the studies in which cryopreservation in LN was also attempted, none were successful. The
problems with chilling sensitivity, permeability, and cryoprotectant toxicity were not resolved in
these investigations. Further, Zhang et al.203 and Hagedorn et al.206 confirmed that the use of
conventional equilibrium freezing technology for probably cryopreserving all fish embryos tested
so far was probably not feasible. Thus, the recent direction of effort to cryopreserve fish embryos
has shifted to the development of protocols and testing of the various cryoprotectant solutions that
promote vitrification rather than a conventional freezing process.

Zhang and Rawson205 examined the toxicity to zebrafish embryos of several potentially pene-
trating cryoprotectants augmented with polyethylene glycol 400 at concentrations that effect vitri-
fication. The researchers found the 2 M butane-2-3-diol, 3 M 1,2-propanediol, and polyethylene
glycol 400 (6%) mixture to be the least toxic to the both the 6-somite and heartbeat stages of
development. Studies on equilibration in the CPA mixtures showed that the chorion was permeable
to water and cryoprotectant, whereas vitelline membrane permeation by cryoprotectant was low.
Apparently, no embryos survived LN exposure, because only the embryos deemed to be morpho-
logically intact were tallied (32%) after recovery. It was observed that most embryos were opaque
when the surrounding medium vitrified and burst on warming, indicating that CPA permeation of
the embryos was not sufficient to inhibit ice formation. Zhang et al.207 were apparently more
successful in gaining development following vitrification with the loach, Misgurnus anguillicau-
datus. The authors reported that by using a methanol/1,2-propandiol vitrification solution, two- or
three-step cooling, and a two-step recovery procedure that significant numbers of recovered embryos
survived and showed development. The optimum treatment stage for this species was just after
blastopore closure. Evidence was presented for a small number of embryos that developed as far
as the appearance of a caudal fin. Robles et al.208  also obtained embryonic development, but no
hatching, following vitrification of the cold-tolerant flounder, Pseudopleuronectes americanis.
While it was suggested that the inherent production of an antifreeze protein may aid this limited
survival, another study on the widely cultured Japanese flounder, Paralichthys olivaceus, seems to
discount that theory. Chen and Tian,209 by using a five-step equilibration technique with a vitrifi-
cation solution containing saline, propylene glycol and DMSO, gained embryo hatching and larval
survival of P. olivaceus to 108 hr after LN exposure.

Cabrita et al.210 assessed the permeation of DMSO into the three membrane-limited compart-
ments — perivitelline space, yolk sac, and cellular compartment — of turbot (Scophthalmus
maximus) embryos when using the vitrification protocol devised by Chao et al.126 for oyster larvae.
Permeation by DMSO (1–5 M) of the perivitelline space was determined to be high, but entry into
the other two compartments was much reduced. Treatment of the embryos with the enzyme pronase
did not increase influx of the CPA but did enhance its removal. Additional studies on the postvit-
rification morphology of turbot embryos revealed that the use of French straws for holding embryos
during vitrification, and thawing at 25ºC instead of 0ºC, was detrimental to obtaining an intact
embryo.211 Aggregation of the embryos within the straws tended to increase damage, and it was
suggested that the placement of embryos on electron microscope grids, similar to the technique
used by Steponkus and Caldwell23 for Drosophila and Liu et al.212 for zebrafish, would alleviate
the problem of mass nucleation on clumping within straws.

Although there is a definite variation in tolerance to vitrification solutions related to the
particular stage of development, tolerance may also be species dependent. Turbot embryos tolerate
incubation in DMSO and multimolar vitrification solutions better than those of zebrafish, but
tolerance to certain mixtures at comparable incubation times was found to be difficult to predict.213

Moreover, Suzuki et al.214 showed that tolerance of four species of fish embryos to DMSO up to
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5 M differed in the order of carp < trout < perjerrey < medaka. This species-dependent response
to potentially toxic cryoprotectants could be explained by variation that may exist in membrane or
compartment permeability between the different embryo species. The use of the magnetic resonance
and spectroscopy techniques devised by Hagedorn et al.180 to determine the actual sites and amounts
of permeation of the CPA could help resolve this question. More important, it appears that a union
of the recently developed permeabilization techniques with one or more of these promising vitri-
fication protocols would have good potential for providing a means to cryopreserve fish embryos.

10.3.8 CRYOPRESERVATION OF ALTERNATE FORMS OF GERMPLASM

In the absence of long-term cryopreservation technology for intact organisms, such as the piscine
and avian species, the quest for methods for the preservation of genetic resources in animal species
has led researchers to isolate and culture embryonic stem cells or blastomeres and primordial
germline cells. These forms of animal germplasm are relatively easy to obtain from most animal
embryos, can be pluripotent in cell culture, may include both the nuclear genome and maternal
mitochondrial DNA, and are usually cryopreserveable. Some of the embryonic cell isolates, includ-
ing those from insects, fish, and birds, have been used to create, via cell transplantation, either
clones or chimeras that express the donor-derived genotype.215–219

Cryopreservation of blastomeres is not a recent development. Over 20 years ago, Harvey215

was perhaps one of the first to recognize the utility of blastomeres as an alternate form of germplasm
for fishes and to work out a cryopreservation protocol for zebrafish embryonic cells. Fish blastomere
cryopreservation typically employs two-step cooling, which may or may not be interrupted by
seeding at a temperature above –10ºC.220–223 Cooling blastomeres at a slow rate to –80ºC for rainbow
trout, Oncorthynchus mykiss,220 and carp, C. carpio,221 and to –30ºC for the chum salmon, O. keta,223

before quenching in LN was found to be most beneficial for post-thaw survival. The CPAs com-
monly used are either DMSO222 or 1,2-propanediol220,221,223 at concentrations of less than 2.0 M,
with or without fetal bovine serum. Slow warming after LN exposure for recovery of these cells
also resulted in higher yields of transplantable cells when using these protocols. Further, all studies
showed that blastomeres isolated from the late-stage blastula, rather than from an earlier stage,
were the most tolerant to cryopreservation.

Protocols for the cryopreservation of chicken blastoderm and primordial germ cells, very similar
to those for the fish embryonic cells, have been developed by Chelmonska et al.224 and Naito et
al.225 Although Naito et al.225 obtained a post-thaw survival rate of over 94% with primordial germ
cells, Pokorny226 demonstrated in a subsequent study that the viability of avian blastoderm cells
was best if they were transplanted into recipient embryos within the first hour following recovery
from LN storage.

In most of the foregoing techniques, French straws were used for the containment of the
blastomeres and primordial germ cells during the freezing and storage process. However, Yu et
al.216 were able to eliminate this type of containment and several other steps in the conventional
equilibrium freezing process when cryopreserving totipotent nuclei from embryos of the honey
bee, Apis mellifera. Donor ooplasm containing preblastoderm nuclei was removed from 8–9-hour-
old embryos with a transplantation pipette, which was then plugged with cotton and plunged into
LN without the benefit of a cryoprotectant. After a rapid thaw, the nuclei and ooplasm in the pipette
were injected into recipient embryos. Using this procedure, the incidence of chimerism was 85%
of the frequency obtained when noncryopreserved nuclei were used. Further, 2 of 157 surviving
larvae expressed only the donor genotype and were presumed to be cloned individuals. A novel
extension of this technology has been to biopsy individual honey bee embryos by removing up to
80 nuclei and cryopreserving them.227 The biopsied embryos are then reared to adulthood as queens
and submitted to a comprehensive testing and screening procedure. The totipotent nuclei remain
in reserve in LN storage to use to create future germlines of those queens that have been established
to possess exceptional qualities for honey production.
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Finally, using the silkmoth, Bombyx mori, Mochida et al.228 were able to obtain progeny from
adults that had undergone transplantation of cryopreserved ovaries during their larval stage. Cry-
opreservation of silkworm ovarian tissue was first developed by Shinbo et al.229 Preservation of the
larval ovaries was accomplished by adding increasing concentrations of DMSO to about 120 larval
ovaries in culture medium to reach a final concentration of 1.5 M and by freezing the ovaries in
LN vapor within a cryovial before placing them into LN.228 Recovery from LN storage was achieved
through rapid thawing, and transplantation was into castrated fourth or fifth instar larvae, followed
by rearing to adulthood. This technique does not require that the donor ovaries join up with the
recipient ovarian ducts because once the ovaries are mature, eggs can be surgically removed from
the transplants and can either be activated parthenogenetically or fertilized by artificial insemination.

10.4 CONCLUSIONS

It is readily evident by examining the array of nearly 230 citations contained in this chapter that
the cryopreservation of nonmammalian systems is a vast and dynamic area of endeavor. Further,
new technologies are being developed to cope with the ostensibly intractable problems concerning
membrane permeability, chilling sensitivity, and cryoprotectant toxicity. Yet it is clearly obvious
that there is an immediate need for resolution of the difficulties encountered when attempting to
cryopreserve the embryos or larvae of fish, prawns, and insects. Cryopreservation of blastomeres
and primordial germ cells is an exciting advancement, and with frozen semen, these techniques
are probably the only means by which genetic diversity can be preserved for avian species. However,
for the teleosts and arthropods, the need for the development of a means to cryopreserve these
organisms goes beyond that of saving genetic diversity. Strain replacement in large culture facilities
or intermittent propagation of a strain in a multispecies mass-rearing facility are but two of a host
of examples for which large numbers of cryopreserved individuals could be used. Results of
experiments designed for the mass cryopreservation of individuals were reported in only three of
the publications cited in this chapter. Industries involved in aquaculture and biocontrol of pests
using beneficial insects and nematodes could immediately profit by the availability of mass cryo-
preservation technology. Hopefully, these research needs will be addressed in the near future.

As a final point, I have observed that the conservation of genetic diversity has often been often
mentioned in the cryopreservation literature as the motivation for conducting a particular research
project. Furthermore, there is the tacit implication that society will benefit from the development
of this specific type of cryopreservation technology because it will allow the banking of the
collective genomic information of an animal species for use by future generations. Though the
technology now exists for the long-term storage of definitely hundreds, and with minor modifica-
tions perhaps thousands, of animal species, the banking of animal germplasm falls woefully short
of what has been accomplished for the storage of plant germplasm around the world. In the United
States alone, the various repositories that make up the National Plant Germplasm System contain
over 470,000 accessions from over 11,800 species. In this continuously changing world, are we
wasting a valuable commodity by not developing a similar system for animals? Are we depriving
our future generations of their rightful heritage? It would seem so.
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11.1 INTRODUCTION

 

The clinical and commercial need for effective preservation and long-term storage technologies
has been the impetus for recent advances in the preservation sciences. As our understanding of
hypothermic storage, 

 

in vitro

 

 culture, cryopreservation, and dry storage continues to improve,

 

1

 

 so
does our ability to preserve the functional viability of cells, tissues, and organs and extend the 

 

ex
vivo

 

 storage of these biological systems. The rapid development and adoption of cell-based thera-
peutics and biotechnologies is challenging current dogma and promoting the development of
innovative means to protect and preserve biologics.
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Since the discovery of the protective effects of glycerol

 

2

 

 and dimethyl sulfoxide (DMSO)

 

3

 

 more
than 50 years ago scientists and clinicians have used these agents almost exclusively for the
protection of cells and tissues from low-temperature injury. Although these “penetrating” or “per-
meant” cryoprotectants have been shown to be effective, both are toxic at high concentrations and
must be removed before the cells or tissues can be used.

 

4,5

 

 While other cryoprotectants have been
proposed over the years, including nonpermeant polymers and sugars,

 

6–8

 

 very few have been adopted
for use in clinical and/or commercial biopreservation. As the focus of applied biopreservation has
moved away from traditional cryopreservation techniques and is focusing more on newer techniques
like vitrification, desiccation, and advanced hypothermic storage, the limits of current cell pro-
tectants have been made increasingly apparent. A renewed interest in the development of novel cell
protectants and methods for cell protection has led to new compounds and new classes of molecules
for use in the preservation sciences.

Studies have shown that in the absence of traditional cryoprotectants, comparable levels of
cryoprotection can be achieved using low concentrations of intracellular molecules. Recently, low
concentrations of intracellular sugars have been shown to be cryoprotective

 

9,10

 

 and enhance the
desiccation tolerance of mammalian cells.

 

11,12

 

 While traditional permeant cryoprotectants have been
used to protect the cell, these recent studies are unique in that naturally nonpermeant molecules
were used to enhance the post-thaw or post-rehydration recovery of cells. These “intracellular
protectants” challenge our current understanding of the mechanisms of cell injury and protection.
Developing our understanding of intracellular protectants may give us new means to test current
ideas on cell injury and may provide new ways to protect cells and tissues from the damaging
stresses encountered during extended storage. This chapter will review our current understanding
of intracellular protectants and the proposed mechanisms of action of these molecules, and will
highlight the technical challenges facing the use of intracellular protectants in cell and tissue
biopreservation.

 

11.2 CELL PROTECTANTS

 

Protecting cells from the physicochemical changes that occur during freezing, thawing, dehydration,
and rehydration has focused on the use of permeant and nonpermeant chemical protectants. As
there are a number of excellent book chapters

 

13–17

 

 and review articles

 

8,18–22

 

 that summarize the
current understanding of the fundamental principles of traditional cryoprotection and lyoprotection,
only a brief synopsis of this topic will be presented to provide a framework for discussions on the
potential effects of intracellular protectants.

The protective effects of permeant, relatively nontoxic protectants such as dimethyl sulfoxide
and glycerol have been attributed to both nonspecific colligative effects and solute-specific changes
in solution properties and interactions with biomolecules. Lovelock was the first to propose that
excessive concentration of intra- and extracellular electrolytes during slow freezing was responsible
for cell injury and that permeant cryoprotective agents colligatively reduce the concentration of
damaging electrolytes at a given subzero temperature.

 

23,24

 

 Studies by Mazur and colleagues on the
fraction of the intra- and extracellular solution that remains unfrozen during slow freezing provided
an alternative perspective on the colligative effects of permeant protectants.

 

25–28

 

 They proposed that
permeant protectants increase the unfrozen intra- and extracellular fraction, thereby reducing the
physical and biochemical effects that occur due to close contact of the cells concentrated in the
unfrozen fraction,

 

28

 

 interaction of cells with the encroaching ice,

 

25,29

 

 and/or damaging concentration
of intracellular organelles and biomolecules.

 

30

 

 Alternatively, Pegg and Diaper have suggested that
permeant protectants function to reduce the extent of cell volume change during slow freezing and
thawing.

 

31,32

 

 The magnitude of the cell volume change will be less during freezing when cells are
equilibrated with increasing concentrations of permeant protectants. While it has been difficult to
experimentally resolve these competing theories, it is clear that the colligative effect of permeant
protectants during slow freezing is consistent with the observed protective effect of these molecules.
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Solute-specific changes to solution properties and biomolecules can also account for the pro-
tective effects of permeant chemicals.

 

33,34

 

 For example, the viscosity of a freeze-concentrated
solution will increase due to the rapid increase in solute concentrations and the absolute reduction
in temperature. As the viscosity of the amorphous phase is dependent on the specific solutes
(protectants) that are present, at any given subzero temperature, large differences in intra- and
extracellular solution viscosities will exist in samples frozen with different protectants.

 

35

 

 Morris et
al. have concluded from their work on the effects of the high viscosities that develop during freezing
in glycerol that water diffusion becomes a limiting factor that negatively affects the low-temperature
response of cells.

 

36

 

 The effect of viscosity on intracellular ice formation and intracellular devitri-
fication has also shown that critical solute-specific changes in the physicochemical properties of
the solution will contribute to the protective effect of permeant cryoprotectants.

 

37–39

 

In addition to solute-specific effects on solution viscosity, differences in the water binding
capacity (solute/solvent interactions) of individual cryoprotectants will impact their effectiveness
at depressing the solution freezing point.

 

34

 

 The ability for different protectants to preferentially
interact or become excluded from proteins and phospholipids has also been used to explain the
solute-specific effects of permeant (and impermeant) cryoprotectants.

 

40,41

 

 While numerous other
examples exist where solute-specific effects on the physicochemical properties of solutions have
been described, the challenge in understanding permeant protectants is to reconcile the colliga-
tive/volumetric observations with emerging physicochemical data.

The mechanism(s) of protection for nonpermeant protectants are not as well described as those
for permeant protectants. However, one of the major observations of permeant and nonpermeant
protectants is that nonpermeant protectants are effective at markedly lower concentrations than
those required of permeant protectants. For example, 11.5% w/w (~50 µM) of the impermeant
hydroxyethyl starch (HES) has been shown to protect red blood cells during freezing whereas
3–4 M glycerol is required for protection.

 

42–44

 

 As most of the effective nonpermeable protectants
are long-chain polymers, polypeptides, or carbohydrates, it has been suggested that they function
to dehydrate the cell prior to freezing, thereby reducing the amount of intracellular water and the
probability of intracellular ice formation during rapid cooling.

 

20,45

 

 Alternatively, the efficiency of
impermeant protectants may also be attributed to the effects of these molecules on the physico-
chemical properties of solutions and their effectiveness at biomolecular stabilization.

Whether permeant or impermeant, one of the major criteria for an effective protectant is that
it be nontoxic at physiological temperatures. However, the rapid addition or removal of high
concentrations of protectants can generate damaging cell volume fluctuations

 

46,47

 

 that can be exac-
erbated by the rapid fluctuations of the intra- and/or extracellular concentration of protectants in
unfrozen compartments during freezing and thawing.

 

23,48–50

 

 Innovative protocols have therefore
been developed to minimize protectant toxicity by delaying cell exposure to high protectant con-
centrations to lower temperatures and to avoid damaging osmotic volume excursions through
gradient or stepwise addition and removal processes. Collectively this work on the identification
and characterization of permeant and impermeant molecules and their application has led to the
current state of clinical and commercial biopreservation.

 

11.3 INTRACELLULAR PROTECTANTS

 

The origin of the use of intracellular protectants in biopreservation comes from studies on the
adaptive strategies developed in natural systems that survive desiccation and freezing. A variety of
plant, insect, invertebrate, and vertebrate species have demonstrated the capacity to accumulate
high concentrations of amphiphilic solutes,

 

51,52

 

 proteins,

 

52,53

 

 and/or disaccharides

 

14,54,55

 

 in prepara-
tion for or response to severe environments. In 1975 Madin and Crowe reported that the nematode

 

Aphelenchus avenae

 

 accumulated large amounts of trehalose in response to desiccation.

 

56

 

 This
finding prompted Crowe to actively investigate the mechanism by which trehalose protected cells
during desiccation. He found that trehalose could be used to preserve the structure of liposomes
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and proteins during freeze-drying.

 

57,58

 

 However, for trehalose to be maximally effective at protecting
liposomes against the damaging effects of desiccation and dry storage it needed to be present on
both sides of the membrane.

 

57

 

 The protective effect of inducing intracellular trehalose expression
has subsequently been demonstrated by the successful freeze-drying of naturally desiccation-
sensitive bacteria,

 

59

 

 yeast,

 

60

 

 and plant cells.

 

61

 

The use of intracellular sugars for the preservation of mammalian cells and tissues was first
reported by Beattie and colleagues when they demonstrated the protective effect of intracellular
trehalose and dimethyl sulfoxide on the cryopreservation of pancreatic islets.

 

10

 

 To date, intracellular
trehalose has been used to cryopreserve and/or desiccate human and porcine platelets,

 

12,62,63

 

 fibro-
blasts,

 

9

 

 keratinocytes,

 

9

 

 human

 

64

 

 and mouse oocytes,

 

65

 

 kidney cells,

 

11

 

 hematopoietic

 

66

 

 and mesen-
chymal stem cells,

 

67

 

 and red blood cells.

 

68

 

While the majority of the reports on the use of intracellular protectants in mammalian cell
preservation have focused on the use of intracellular sucrose and trehalose, other impermeant
substances have been used as intracellular protectants. For example, artificially elevated levels of
intracellular potassium have been used to protect red blood cells during freezing and thawing.

 

46,69

 

Recently, the formation of innocuous intracellular ice in confluent cell monolayers has also been
suggested as a novel “intracellular cryoprotectant.”

 

70,71

 

 Finally, the microinjection of naturally
occurring antifreeze proteins or the genes coding for antifreeze proteins into fish oocytes has been
used to enhance the hypothermic storage and/or cryopreservation of aquatic species used in aquac-
ulture.

 

72

 

The molecules that are being developed for use as intracellular protectants have, in most cases,
been used unsuccessfully in the past as impermeant cryoprotectants. However, when present
intracellularly, these normally nonpermeant molecules provide extraordinary protection to cells. As
we learn more about the natural systems that employ intracellular protectants in their adaptive
survival strategies, we will gain a better appreciation of why these molecules function so effectively
when present intracellularly.

 

11.4 INTRACELLULAR PROTECTANTS: PROPOSED MECHANISMS 
OF ACTION

 

The mechanism(s) by which intracellular protectants stabilize cells during cryopreservation and
desiccation has not been resolved. As intracellular trehalose and sucrose have been the most actively
studied intracellular protectant to date, much of our current understanding has evolved from our
elucidation of the protective effects of these sugars. Studies have focused on the interaction of
intracellular protectants with biological molecules and supramolecular structures to afford stabil-
ity,

 

58,73

 

 the effect of intracellular protectants on the solution properties of the cell cytoplasm,

 

14,74,75

 

and the modulating effect that intracellular protectants have on the volumetric response of cells.

 

76–78

 

An examination of each of these areas of research will provide some insight into the complex
behavior of intracellular protectants and the role these molecules can have in cell and tissue
preservation.

 

11.4.1 B

 

IOMOLECULAR

 

 S

 

TABILIZATION

 

It has been proposed that protectants function to stabilize proteins and phospholipids during freezing
and drying through preferential exclusion or direct interaction, respectively.

 

14

 

 Timasheff and col-
leagues have argued that protective molecules such as trehalose and glycerol stabilize the native
conformation of proteins in aqueous solutions by preferentially hydrating denatured, unfolded
proteins.

 

79,80

 

 The “preferential exclusion” of protective molecules from the surface of the native
proteins is seen to be more thermodynamically favorable than the exposure of peptide groups that
occurs during denaturation.

 

81

 

 As a result, protective molecules not only prevent protein unfolding,
but function to stabilize the native conformation of proteins in solution. Work by Crowe and
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colleagues has shown that the preferential exclusion of a wide range of molecules from the surface
of lactate dehydrogenase is consistent with the protection afforded by these molecules during
freezing and thawing

 

82

 

 and can be used to explain the temperature-dependent toxicity of cryopro-
tectants.

 

40

 

 The protective effects of preferential exclusion of protectants is not limited to proteins
as it has been demonstrated that the preferential exclusion of dimethyl sulfoxide can modulate the
phase behavior of phospholipids.

 

83

 

 The stabilizing effect of preferential exclusion of cryoprotectants
can account for the diversity of the molecules that confer cryoprotection

 

14,82

 

 and the broad range
of biomolecules that must be targeted for the successful preservation of cells and tissues.

During desiccation and dry storage it has been proposed that protective molecules directly
interact with biomolecules to maintain native structure and function.

 

14,84,85

 

 The removal of bulk
water and the water of hydration around proteins and phospholipids destabilizes the molecules and
negates any potential thermodynamic benefit of preferential exclusion. Studies on the effects of
drying on proteins, liposomes, and natural membranes have shown that protective molecules like
trehalose directly bind to and stabilize sites normally occupied by water.

 

86,87

 

 This “water replacement
hypothesis” has been used to explain the reduction in the phase transition temperature of phospho-
lipids and the maintenance of normal protein conformations following extreme desiccation.

 

84,85

 

 The
direct interaction between the protectant and the biomolecules suggests that specific protectants
will be more effective than others at stabilizing different biomolecules during desiccation and dry
storage. This is demonstrated by the effectiveness of disaccharides over other sugars and polymers
at stabilizing dry phospholipids and can be attributed to the unique interaction of these protectants
with the phospholipids head group.

 

88

 

Biomolecular stabilization of proteins and phospholipids is consistent with the observation that
maximum cellular protection during freezing and desiccation occurs when protectants are present
on both sides of the plasma membrane. In a simple model system like liposomes, protective
molecules must be able to interact with both the intra- and extraliposomal membrane surfaces to
minimize damaging lipid phase transitions. In cellular systems, the ability for protective molecules
to physically interact with intra- and extracytoplasmic proteins and phospholipids (and membrane
bound organelles) is required if biostabilization is to be achieved. While the complexity and
specificity of the interactions that occur between intracellular protectants and biomolecules is an
ongoing area of research, developing effective techniques for the intracellular delivery of these
protective molecules will be essential if they are to be used in biopreservation.

 

11.4.2 P

 

HYSICOCHEMICAL

 

 E

 

FFECTS

 

 

 

OF

 

 I

 

NTRACELLULAR

 

 P

 

ROTECTANTS

 

The effect of intracellular protectants like sucrose and trehalose on intra- and extracellular solution
properties and the correlation of these properties with cell preservation has been the subject of
intense interest. Studies on intracellular protection have focused on three areas: the vitrification of
intra- and extracellular solutions due to the high glass transition temperatures of protectants, the
ability for protectants to form crystalline hydrates, and the destructuring effect of protectants on
water. Each of these properties has been correlated with the stabilizing effect of intracellular
protectants.

The low molecular mobility in amorphous, glassy states has been shown to protect biomolecules
from damage during freezing and desiccation.

 

89–91

 

 Degradation reactions are significantly slower
in a glassy state than in aqueous solution,

 

92

 

 and labile molecules such as proteins can retain their
native conformations during storage.

 

90

 

 Extensive studies on sugars and other protectants have shown
that there is a correlation between the temperature at which the transition from liquid to viscous,
glassy state (Tg) occurs and the stabilization of biomolecules.

 

93,94

 

 The ability of low concentrations
of sugars and proteins to promote the formation of an intracellular glassy state can contribute to
the stability of cells during low temperature and dry storage.

The formation of crystalline hydrates during storage of biologics under nonideal conditions
has been proposed as a means of maintaining the high Tg of amorphous sugar solutions.

 

95

 

 For
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example, Crowe et al. have suggested that the crystalline dihydrate structure of trehalose is respon-
sible for the observed maintenance of a high glass transition temperature in dried trehalose solutions
exposed to increasing concentrations of water.

 

21

 

 Crystallized dihydrates of protectant molecules
can therefore function to minimize the interaction of the remaining amorphous solution with water,
hence maintaining the stability of the vitrified system.

Finally, it has been shown that intracellular protectants like trehalose affect the overall struc-
turing of water in the system. Molecular dynamic simulations of the aqueous properties of trehalose
demonstrate that this protective molecule is highly effective at destabilizing water structure,

 

96–98

 

which may be due to its large radius of hydration.

 

99

 

 Branca et al. have proposed that this destruc-
turing of water by trehalose functions to reduce the amount of freezable water, thereby obstructing
the crystallization process.

 

100

 

 By affecting the dynamics of the interaction of water with biomole-
cules, intracellular protectants may promote vitrification and/or enhance the stabilization of the
biomolecules through “preferential exclusion.”

 

14,81

 

While the relative importance of each of the observed changes in the physicochemical
properties of solutions to cryo- and lyoprotection have not been resolved, it is clear that further
research is required. As new intracellular protectants are identified from natural systems or
synthetically derived, thorough analysis of the physicochemical properties will be required to
better understand the mechanism of protection and hence optimize clinical and commercial
application of the protectants.

 

11.4.3 I

 

NTRACELLULAR

 

 P

 

ROTECTANTS

 

 

 

AND

 

 C

 

ELL

 

 V

 

OLUMETRIC

 

 R

 

ESPONSE

 

It has been proposed that cell damage during dehydrating events such as freezing and dehydration
is a result of the cells dropping below a “minimum critical volume” (MCV).

 

8,101,102

 

 While the
mechanism by which damage occurs when cells undergo excessive cell shrinkage has not been
resolved,

 

23,48–50,103–105

 

 membrane damage has been identified as one of the primary sites of cell
injury.

 

105

 

 We have previously suggested that the presence of intracellular protectants may protect
cells during freezing and drying by buffering lethal osmotic fluctuations and changes in cell volume,
minimizing damage to intracellular structures and organelles.

 

106,107

 

The idea that intracellular protectants can function to protect cells by modulating the cell
volumetric response during dehydrating stresses was first proposed by Meryman in 1971 and
subsequently demonstrated by Williams and Shaw in 1980.

 

8,69

 

 Williams et al. proposed that if cells
could be loaded with solutes so that they remained isotonic at higher extracellular osmolality then
the cell would be injured at either an absolute electrolyte concentration or a minimum critical
volume but not both. By exposing valinomycin-treated human red blood cells to hypertonic
(800 mOsm) KCl, Williams et al. showed that cells were able to tolerate exposure to much higher
extracellular solutes before lysis occurred. They concluded that “any solute, electrolyte, or non-
electrolyte which can enter the red cell under hypertonic stress will reduce that stress and reduce
the severity of hyperosmotic injury.”

 

69

 

What Meryman, Williams, and Shaw demonstrated was that cell damage could be mitigated
during cell dehydration by artificially reducing the magnitude of the resulting cell volume change
by increasing intracellular osmolarity. Other intracellular protectants may function in a similar
manner as that observed for intracellular potassium. Work with intracellular trehalose has shown
that by modulating the osmolarity of the intracellular solution it is possible to enhance the desic-
cation tolerance of mammalian cells.

 

106

 

 Fibroblasts exposed to 0.2 M intra- and extracellular sugar
solutions with a total osmolarity of ~300 mOsm/kg and then dried to low residual moisture levels
showed improved recovery following rehydration compared to cells exposed to 0.2 M intra- and
extracellular sugar solutions that were unmodified (528 mOsm/kg). In this work we hypothesized
that the magnitude of the cell volume change and exposure to intracellular solute concentrations
would be lower in fibroblasts dried in the “isotonic” sugar solutions than for fibroblasts desiccated
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in the “hypertonic” sugar solutions. From this work, we propose that intracellular protectants may
function to alter the osmotically inactive fraction of the intracellular compartment and hence reduce
the magnitude and rate of water loss from cells during freezing and drying.

It has been shown that sugars can increase the osmotically inactive fraction of cells. In an effort
to develop a more rapid method for the quantification of intracellular sugar concentration, we used
electronic cell sizing to measure the equilibrium cell volume of mouse fibroblasts loaded with
intracellular trehalose.

 

76

 

 As equilibrium cell volume is dependent on the ratio of intra- and extra-
cellular solute concentrations, we hypothesized that changing the intracellular concentration by
adding sugars will alter this balance and establish a new equilibrium cell volume. We observed
that cell shrinkage in hypertonic solutions was buffered by the added presence of intracellular
trehalose in an amount proportional to the theoretically expected intracellular sugar concentration.
In a separate study, the microinjection of 0.1 M trehalose, glucose, or stachyose into mouse oocytes
was shown to increase the osmotically inactive volume of the oocyte by 1–2%, which was in
agreement with the expected theoretical increase.

 

78

 

 While further experimentation is required to
verify these observations, it would appear that intracellular protectants do affect the osmotically
inactive fraction of cells.

Using computer simulations to study the low-temperature response of a human hematopoietic
stem cell line, we have examined the effect of intra- and extracellular sugars on the osmotic response
of cells and the predicted incidence of cell injury.

 

77,108

 

 Simulations predicted that trehalose would
affect the incidence of cell injury in a concentration-dependent manner, that trehalose would be
required on both sides of the membrane for optimal protection, and that the effective concentration
for trehalose would be much less than the effective concentration of DMSO. We further found that
the predicted conditions for optimal post-thaw recovery of a hematopoietic cell line were in strong
agreement with the reported experimental data of Buchanan et al.

 

66

 

 Our analysis of the cell volume
response in the presence of intra- and extracellular trehalose also suggested that the presence of
0.1–0.3 molal intracellular trehalose was very effective at reducing the magnitude of cell shrinkage
that occurs during freezing.

 

77

 

 We have concluded from this theoretical analysis of the effects of
intracellular trehalose that intracellular protectants may function to modulate the osmotic response
of cells during the early phases of freezing and drying when the cell is neither in a glassy state nor
at a point where “water replacement” is required for biomolecular stabilization. Further experimen-
tation is required to develop and test this osmotic mechanism for cell protection by intracellular
agents.

 

11.4.4 S

 

UMMARY

 

 

 

OF

 

 M

 

ECHANISMS

 

 

 

OF

 

 P

 

ROTECTION

 

Although our understanding of the stabilizing effect of intracellular protectants is evolving, it has
been proposed that intracellular protectants such as trehalose function in a similar manner as
traditional permeating cryoprotectants.

 

66,77,109

 

 Intracellular protectants are capable of stabilizing
biomolecules, altering the physicochemical properties of the intra- and extracellular solutions, and
affecting the osmotic response of cells during freezing and drying. Similarly, these mechanisms
have also been attributed to the protective actions of permeant cryoprotectants such as DMSO. The
advantage of intracellular protectants such as trehalose has been the fact that lower concentrations
of these molecules are required to achieve levels of cryo- and lyoprotection similar to traditional
permeant protectants.

 

64,66

 

 This may be partially attributed to the superior physicochemical properties
of the sugars currently being developed as intracellular protectants. As it is clear that multiple
mechanisms contribute to the protective effect of intracellular protectants, further research is
required to better understand these mechanisms for the clinical and commercial application of these
agents to be fully realized.

 

2772_C011.fm  Page 305  Thursday, June 15, 2006  10:20 AM

© 2007 by Taylor & Francis Group, LLC



 

306

 

Advances in Biopreservation

 

11.5 LOADING OF PROTECTANTS INTO CELLS

 

Among the key impediments to using intracellular protectants in the biopreservation of cellular
systems has been the inherent impermeability of the plasma membrane to large molecular weight
and/or charged molecules. In the absence of specific pathways for the facilitated transport of
macromolecules across biomembranes, the phospholipid bilayer, glycocalyx, and cell wall of
eukaryotic and prokaryotic cells provide a formidable barrier for the cytoplasmic accumulation of
sugars, polymers, and other potentially protective compounds. A number of innovative approaches
have been developed over the past 10–15 years to overcome the impermeability of cell membranes
and/or facilitate intracellular accumulation of normally impermeable molecules (Figure 11.1). Many
of these techniques have been used recently to load intracellular protectants and improve the low-
temperature response and/or desiccation tolerance of mammalian cells. These methods are discussed
below.

 

11.5.1 R

 

EVERSIBLE

 

 T

 

RANSMEMBRANE PORE FORMATION

Membrane channels and pores provide conduits for the physiological and pathological transport of
molecules across the lipid bilayer in eukaryotic and prokaryotic cells. The formation of transmem-
brane channels or pores in mammalian cells has been used as a technique to increase the intracellular
accumulation of protective molecules. The three different approaches that have been demonstrated
to date include: genetic modification of cells to express nonnative pores, stimulation of innate pores,

FIGURE 11.1 Schematic representation of the innovative approaches currently being applied or developed
to overcome the impermeability of cell membranes and facilitate the intracellular accumulation of normally
impermeable molecules.
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and extracellular addition of pore-forming proteins. Each of these methods has been shown to be
effective at enhancing the cytoplasmic accumulation of protective macromolecules.

Water-channel proteins (aquaporins) have a significant role in regulating the permeability of
animal and plant cells.110,111 While many members of the aquaporin family are highly selective for
water transport, aquaporin-3 is one example where cotransport of water and other small molecules
has been demonstrated.112 Through the microinjection of aquaporin mRNA into Xenopus oocytes,
Preston et al. demonstrated that cell water permeability can be greatly enhanced in cells that do
not normally express these proteins.113 To improve the cryopreservation efficiency of zebrafish
(Danio rerio) embryos, Hagedorn et al. demonstrated that the microinjection of the aquaporin-3
mRNA resulted in the stable expression of the aquaporin-3 channel and a significant increase in
the accumulation of propylene glycol in the yolk of developing zebrafish.114 Zebrafish embryos
expressing aquaporin-3 displayed a 6-fold increase in water permeability and a 2.5-fold increase
in the permeability to propylene glycol. As the aquaporin-3 protein expression diminished 4 d after
transfection, this method provides for a readily reversible means to introduce protective molecules
into cells and tissues.115 Overcoming the inherent permeability barriers within the developing
zebrafish embryos through the induced expression of aquaporin-3 demonstrates that expression of
nonnative pores can be used for the intracellular accumulation of protective molecules. As other
classes of protein channels and pores are investigated, this technique may develop into a powerful
method for the controlled introduction of protective molecules into cells and tissues.

Purinergic receptors are a class of native ion channels involved in cell signaling that are found
in neurons, glia, epithelia, bone, muscle, and hematological tissues.116 Stimulation of intrinsic
purinergic receptors using ATP has recently been shown to be useful for the reversible permeabi-
lization and introduction of small water-soluble molecules into mammalian cells.117,118 Of the seven
subtypes of the P2X-purinergic transmembrane cation channels, P2X7 receptors have been shown
to slowly dilate in the presence of continuous ATP stimulation.119,120 By stimulating P2X7 receptors
on J774 mouse macrophages with extracellular ATP, Elliott et al. have demonstrated the use of
these receptors for the controlled loading of trehalose into mammalian cells.121 The intracellular
accumulation of approximately 100 mM trehalose upon exposure to ATP for 2 h was shown to
enhance the desiccation tolerance of mouse macrophages. The stimulation of purinergic receptors
is one example of the use of innate pores for the controlled introduction of protective molecules
into mammalian cells. Other examples include the use of glucose receptors for the transport of
sugar molecules into red blood cells prior to desiccation122 and for the transport of nonmetabolized
glucose into fibroblasts prior to cryopreservation,123 the use of a trehalose/H+ symporter for the
transport of trehalose in yeast,14 and the use of the mitochondrial permeability transition pore to
load trehalose inside individual mitochondria.124,125

Pore-forming toxins produced by virulent bacteria bind to and permeabilize cell membranes
resulting in cytolysis.126 The use of the hemolytic toxin produced from Staphylococcus aureus has
been another approach that has been used to load trehalose and other sugars into mammalian cells.
Genetic modification of the primary sequence of the heptameric α-hemolysin has been used to
control the reversible permeabilization of the plasma membrane of mammalian cells.127,128 Mono-
mers of the genetically modified α-hemolysin, upon introduction into lipid bilayers, form uniform
2 nm diameter, transmembrane pores that can be reversibly opened and closed through the addition
and chelation of micromolar concentrations of divalent cations.128–130 Previous studies on the self-
assembly of this genetically modified protein129 and on the structure of α-hemolysin131 have resulted
in a detailed understanding of the mechanism by which this protein functions to porate mammalian
cells. As a monomer, this 293-amino acid polypeptide spontaneously binds to the plasma membrane
and forms a heptameric prepore complex with other bound monomers. Membrane insertion follows
oligomerization and results in the formation of a functional pore.132

Genetically engineered α-hemolysin has been used in the development of techniques for both
the cryopreservation9 and desiccation106,107 of mammalian cells. Eroglu and coworkers have shown
that the introduction of low concentrations of trehalose (0.2 M) using H5 α-hemolysin resulted in
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a significant improvement in the post-thaw recovery of rapidly frozen fibroblasts and keratinocytes.9

Critical to the survival of the porated and frozen cells was the ability to selectively close the pores
using zinc ions following the loading of intracellular trehalose. Genetically modified α-hemolysin
has also been used effectively to load lyoprotective concentrations of trehalose into fibroblasts with
the subsequent demonstration of a high percentage (>75%) of fibroblasts with intact membranes
following dehydration and storage for up to 90 d at –20°C.107 Quantitative measurement of intra-
cellular trehalose concentrations using gas chromatography/mass spectroscopy (GC–MS) has shown
that the switchable characteristics of α-hemolysin provide an excellent means to regulate the
permeabilization of hepatocytes, fibroblasts, and sperm cells and control the accumulation and
removal of intracellular trehalose.133 As advances continue to be made in the engineering of new,
highly selective pore-forming complexes134 there will be an increasing interest in the use of these
agents to shuttle protective molecules across biological membranes.

11.5.2 MICROINJECTION OF CELL PROTECTANTS

Cell microinjection is the process whereby micrometer-sized glass micropipettes are used for the
transmembrane delivery of molecules into the cell cytoplasm. This technology is most commonly
used for the in vitro manipulation of human and nonhuman reproductive cells and tissues but is
being increasingly adopted for use in targeted gene therapy and single-cell manipulation. Micro-
injection is well suited for the loading of high concentrations of large molecules into individual
cells. Microinjection has recently been used to overcome the permeability barrier of human and
mouse oocytes64,65,78,135 and zebrafish embryos136 to nonpermeant cryoprotectants. By carefully
controlling the injection conditions, accurate loading of precise amounts of trehalose into mouse
oocytes has been demonstrated with no apparent effect on development.65 The microinjection of
small amounts of intracellular trehalose (0.15 M), in the absence of any other cryoprotectant, has
been shown to afford significant protection to cryopreserved human oocytes.64 It has further been
shown that there is a progressive reduction of intracellular trehalose concentrations in developing
embryos, which provides a convenient means for diluting out the intracellular protectant.135 Studies
on the volumetric behavior of mouse oocytes injected with glucose, trehalose, and stachyose
exposed to hypertonic salt solutions demonstrate that microinjection of intracellular sugars can be
used to modulate the osmotic response of cells.78 Microinjecting propylene glycol and DMSO into
zebrafish embryos has also been shown to be an effective way to increase the intrayolk concentration
of these cryoprotectants; however, these cryoprotectants were unable to protect the embryos during
rapid freezing.136 While microinjection is inherently a very tedious procedure that is difficult to
scale up for use with large numbers of cells, for specific applications it is a useful method by which
the permeability barrier of biomembranes to protectants can be overcome.

11.5.3 TEMPERATURE-INDUCED MEMBRANE PERMEABILIZATION

Phospholipid bilayers undergo liquid crystalline to gel phase transitions at well-defined tempera-
tures. As not all phospholipids undergo a phase change at exactly the same temperature, lateral
phase separation of phospholipids within a biomembrane can occur.137 A transient increase in the
permeability of the plasma membrane to solutes occurs during this thermotropic phase transition.138

In the context of cryopreservation, this phenomenon is also known as thermal shock due to the
temperature-associated colloidal osmotic lysis of sensitive cells that often accompanies this transient
permeabilization.139,140

Temperature-induced membrane permeabilization has been used to load sugars into mammalian
cells prior to their cryopreservation and/or desiccation. One of the first demonstrations of the use
of this technique was by Beattie and co-workers, who demonstrated that the intracellular accumu-
lation of radiolabelled trehalose in pancreatic islet cells coincided with a lipid phase transition that
occurred between 5 and 9°C.10 Exposure to 300 mM extracellular trehalose and 10% DMSO during
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slow cooling to –40°C was shown to enhance the post-thaw recovery of islet cell function. Other
examples of the use of thermotropic lipid phase transitions for transient cell permeabilization include
temperature cycling human fibroblasts between 0 and 37°C to increase the uptake of trehalose prior
to desiccation;67 disruption of membrane rafts in human and porcine platelets at 37°C and accu-
mulation of trehalose prior to freeze-drying;12,63 and the accumulation of approximately 50 mM
trehalose in human RBC after 7 h exposure at 37°C.141 While further work is required to characterize
and optimize this loading technique, recent successes using temperature-induced membrane per-
meabilization to load sugars into mammalian cells have demonstrated the overall utility of this
strategy.

11.5.4 EXPRESSION OF INTRACELLULAR PROTECTANTS USING GENETIC 
ENGINEERING

The genetic engineering of mammalian cells to express foreign genes that can induce the intracel-
lular production of protective molecules has been used to increase the tolerance of cells to the
extreme environments encountered during biopreservation. Initially developed as a technique to
introduce intracellular sugars into E. coli,142,143 researchers have inserted the genes responsible for
the coding of sucrose-6-phosphate synthase144 and trehalose-6-phosphate synthase11,145,146 into mam-
malian cells. These gene products, when expressed in conjunction with a respective phosphatase,
function to convert uridine diphosphate glucose (UDP-Glc) into sucrose and trehalose. Accumula-
tion of millimolar concentrations of intracellular sucrose143 and trehalose145 have been reported
using this genetic engineering approach. As advances in molecular genetics and biotechnology lead
to improvements in transfection efficiencies, stability of gene expression, and enhancements to
overall production, the utility of genetic engineering for the cytoplasmic accumulation of protective
molecules will see more widespread application in biopreservation.

11.5.5 TRANSIENT PERMEABILIZATION THROUGH OSMOTIC SHOCK

Rapid changes in extracellular osmolarity — osmotic shock — have been used to transiently
permeabilize mammalian cells and allow for the cytoplasmic accumulation of large molecular
weight molecules.67,147,148 Hypertonically shrunken cells when rapidly exposed to iso- or hypotonic
media will become transiently permeabilzed due to the development of a transient osmotic gradient
across the membrane.50,149,150 Historically, osmotic shock has seen use in the transfection of antisense
oligonucleotides and DNA into cells,151,152 and the in situ modification of the hemoglobin in human
red blood cells.149,153 As cells can tolerate a significant degree of molecular flux across the membrane
before irreversible damage occurs,50 osmotic shock can be repeated a number of times to maximize
the uptake of the molecule of interest. Puhlev et al. showed that transient exposure of human
fibroblasts to hyper- and hypotonic solutions containing trehalose and sucrose resulted in the
intracellular accumulation of 4.7 nM trehalose/106 cells but induced significant cell toxicity.67

Similarly, by subjecting human Jurkat T-lymphocytes to severe hypotonic solutions, Reuss et al.
suggest that activation of volume-sensitive transport pathways allow for the intracellular accumu-
lation of monomeric sugars.147 While the ability to load high concentrations of protective molecules
into cells using osmotic fluctuations has not been resolved, the simplicity of this technique is well-
suited for conditions or applications where other permeabilization technologies may be too invasive.

11.5.6 ELECTROPERMEABILIZATION

Applying a transmembrane electric potential can transiently alter the permeability of cell mem-
branes, allowing for the cytoplasmic accumulation of membrane-impermeable molecules. Electrop-
ermeabilization (electroporation) is based on the temporary increase in membrane permeability due
to the reversible electric breakdown of the plasma membrane upon application of high-intensity
electrical pulses of very short duration. When an electric pulse is applied to a plasma membrane,
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it has been proposed that formation of hydrophilic pores occurs when the dipoles of the phospholipid
molecules are reoriented within the electric field.154,155 Local Joule heating due to the movement
of ions across the membrane further enhances the formation of pores due to thermal phase transi-
tions. This technique has been used successfully for gene transfer,155,156 cell fusion,157 and the
loading of molecules intracellularly.154,158,159

Electropermeabilization is an attractive method for the poration and loading of intracellular
protectants into cells. Resealing of the permeabilized membrane following the application of pulsed
electric fields occurs via a passive relaxation phenomenon, ensuring the reversibility of electropo-
ration. As low temperatures can be used to slow the closure of the electrical field–induced
pores,158,160,161 a method exists to regulate the intracellular accumulation of protective molecules.
In addition, by modulating the ionic strength, field intensity, and field duration, the effective diameter
of the pores can be controlled,158,162–165 allowing for the intracellular accumulation of protectants
of various sizes. The development of a continuous-flow electroporation system has demonstrated
the capacity to scale up the electropermeabilization process for the handling of large volumes of
material.166

The intracellular accumulation of sugars in electropermeabilized cells has been shown to occur
with only minimal effects on viability. Electropermeabilization of Eucalyptus gunnii cells in the
presence of fructose and raffinose was shown to result in significant accumulation of the sugars
(130 ± 20 mM), which enhanced the cryopreservation of this plant system.61 Human red blood cells
electroporated in the presence of sucrose retained normal cell volume, cell shape, glucose transport,
and sodium-potassium pump activity162 and exhibited normal in vivo circulation times.158 Shirakashi
et al. have demonstrated that mouse myeloma cells can be loaded with ~0.1 M trehalose using
electropermeabilization and still retain >85% survival.167 As the fundamentals of electropermeabi-
lization develop168 and electroporation equipment improves, particularly for use in transdermal drug
delivery169 and gene transfection into single cells,170 this technique may see broader use in the
preservation sciences for the delivery of intracellular protectants.

11.5.7 FLUID-PHASE ENDOCYTOSIS

Fluid-phase endocytosis is a physiological process whereby extracellular fluids and small
particles (<200 nm) are internalized into cells via clathrin-mediated and/or non-clathrin-medi-
ated processes.171 The ingestion of external fluid and solutes is strongly temperature dependent,
with optimal efficiency at physiologic temperatures or higher.63,172,173 Capitalizing on this natural
process, Wolkers et al. have shown that millimolar concentrations of trehalose can be loaded
into human and porcine platelets by incubating them at 37°C for 4 h.12,63 With trehalose loading
in platelets being time- and temperature-dependent and sensitive to endocytotic inhibitors, it
was proposed that fluid-phase endocytosis is likely responsible for the transient permeabilization
and loading of this protective molecule.63 Platelets loaded with trehalose using this method
have been shown to survive freeze-drying and, upon stimulation with agonists, respond by
forming clots in a manner similar to untreated controls.12,62 Work presented by Hubel and Darr
in 2002 further described the passive loading of up to 100 mM trehalose into human lympho-
cytes, hepatocytes, and non-hematopoietic stem cells by simple incubation at 37°C for up to
4 h.174 Oliver et al. examined the loading of millimolar concentrations of trehalose into human
mesenchymal stem cells when incubated at 37°C for 24 h and concluded that fluid-phase
endocytosis in these cells was likely clathrin dependent.175 As fluid-phase endocytosis has been
shown to result in sufficient cytoplasmic accumulation of trehalose to confer desiccation
tolerance, further studies on the application of this method of cell permeabilization for the
loading of other intracellular protectants is warranted. 
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11.5.8 LASER PERMEABILIZATION

The application of high-intensity femtosecond (10–15 s) lasers for noninvasive reversible permeabi-
lization of living cells has recently been described.176 The focusing of femtosecond laser pulses
produced from a titanium sapphire laser oscillator with a high numerical aperture microscope
objective has been used to form precise submicron-sized (800 nm) optical pores in the cell mem-
brane (Figure 11.2). Absorption of femtosecond laser pulses by nonlinear multiphoton absorption
and ionization leads to multiphoton electronic excitation,177 whereby energy is transported to the
liberated electrons without thermal diffusion to adjacent cellular material.178,179 Femtosecond lasers
can therefore be used to manipulate biological material with minimal damage from thermal heat-
ing.180–183 Kohli et al. have shown that kidney epithelial cells can be selectively targeted and
reversibly permeabilized with a femtosecond laser allowing for rapid cytoplasmic uptake (<0.3 s)
of 0.2 M sucrose.176 Optical permeabilization of the kidney epithelial cells did not significantly
damage the cells as evidenced by a >90% cell survival. The contact-free and noninvasive features
of laser permeabilization make it an attractive option to other technologies currently being used in
the preservation sciences. While the work by Kohli et al. is the first report of the use of femtosecond
laser pulses for permeabilizing cells in the presence of cryoprotectants, the future application of
this technology in the controlled permeabilization of living cells and tissues is encouraging.

11.5.9 LIPOSOMAL DELIVERY OF INTRACELLULAR PROTECTANTS

Liposomes are self-assembling spherical lipid bilayers that surround an aqueous core.184 Unilamel-
lar, or single bilayer, liposomes have been used for the delivery of a wide range of molecules into
mammalian cells.185–187 As unilamellar liposomes have been shown to nonspecifically fuse with and

FIGURE 11.2 A custom-designed femtosecond laser microscopy system allows for the precise targeting and
formation of nanometer-sized optical pores in living cells. Using this system, Madin Darby Canine Kidney
cells have been reversibly permeabilized allowing for the intracellular accumulation of nonpermeant pro-
tectants.176 Scale bar = 50 µm.
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transfer their aqueous contents into human red blood cells (RBC),188,189 the use of liposomes may
be an effective technology for the delivery of impermeable cryoprotective sugars into RBC and
other cell types. Preliminary work by my research group has shown that liposomes composed of
dipalmityolphosphatidylcholine and cholesterol (70:30 mole ratio) can be used to deliver cryopro-
tective concentrations of trehalose into human RBC, platelets, and hematopoietic stem cells.
Although it appears that liposome delivery of sucrose and trehalose into human RBC does not
adversely affect cell integrity or function, further experimentation is required.190,191 A panel of
assays has been developed for the characterization of the sugar-containing liposomes, thereby
permitting controlled, reproducible design and manufacturing of the final product.192 As liposomal
delivery of sugars into cells does not require specialized instrumentation and liposomes are
extremely biocompatible and FDA-approved for drug delivery,193 further exploration and develop-
ment of this technology is warranted.

11.5.10 SUMMARY OF PERMEABILIZATION TECHNIQUES

As movements are made toward the adoption of intracellular protectants in clinical and commercial
cell and tissue preservation, the preferred technologies for the cytoplasmic uptake of impermeable
protectants will become apparent. The techniques discussed above use physical, chemical, and/or
molecular methods to promote the accumulation of intracellular sugars by overcoming the inherent
impermeability of mammalian cells to these molecules. Each of the methods discussed above suffers
from one or more practical limitations that must be considered when selecting a specific technology.
By establishing minimum criteria for the method of intracellular protectant loading, the choice of
available technologies for specific applications can be narrowed. First, the process used to accu-
mulate protectants into cells must be able to be regulated and should be completely reversible. A
hyperpermeabilized membrane should return back to its natural state in a predicable manner, which,
ideally, should be regulated by manipulating the cellular environment. Similarly, the genetic manip-
ulation of cells to produce an intracellular protectant should be switchable so as to prevent the
uncontrolled accumulation of gene products. Second, the technology should permit the intracellular
accumulation of a diverse range of intracellular protectants with physical and chemical properties.
Third, the process must be nonlethal, with minimal disruption to cell physiology and function.
Fourth, the technology must be easily scaleable so as to facilitate the accumulation of intracellular
protectants in a large population of cells or a tissue in a reasonable time frame. Finally, the technique
must be biocompatible and meet criteria for regulatory approval. While not all of these properties
can be found in any one technology, the growing list of techniques available for the cytoplasmic
loading of impermeable molecules provides the researcher some choice when pursuing the appli-
cation of intracellular protectants.

11.6 FUTURE OUTLOOK

With the development of methods for the reversible permeabilization of cells, intracellular pro-
tectants are emerging as a real solution to the growing clinical and commercial need for more
effective preservation and storage technologies. The practical advantages afforded by intracellular
protectants are numerous. Effective at lower concentrations and with reduced chemical toxicity,
intracellular protectants like trehalose and sucrose may not need to be removed prior to transfusion
or transplantation. This would simplify processing and distribution requirements and provide a
manageable method for long-distance transportation and remote on-site storage of preserved bio-
logics. In addition, as currently identified intracellular protectants have been shown to exhibit unique
physicochemical and biophysical properties that protect cells and biomolecules during a wide range
of environmental stresses, they may see use as “universal” protectants for a wide spectrum of cell
types from different species preserved using different methods.
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Intracellular protectants are emerging as a new class of protectant molecules — a next generation
in cell protection. With physicochemical and biophysical properties resembling both traditional
permeant and impermeant protectants, intracellular protectants provide us with new avenues to
explore in the development of cell preservation technologies. As continued developments are made
in techniques used for the accumulation of intracellular molecules, and our understanding of the
protective mechanisms of these intracellular agents improves, the clinical and commercial value of
this approach to cell preservation will emerge.
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12.1 INTRODUCTION

 

Biological metabolism in living cells dramatically diminishes at low temperatures, a fact that permits
the long-term cryopreservation of cells and tissues for either scientific research or medical appli-
cations (e.g., blood transfusion, transplantation of cells and organs, artificial insemination, 

 

in vitro

 

fertilization, etc.). However, there is an apparent contradiction between the purpose of preservation
and experimental findings that the cryopreservation process itself can kill cells and tissues. The
challenge to cells and tissues during cryopreservation is not their ability to endure storage at very
low temperatures (below –80

 

°

 

C); rather it is the potential lethal factors existing in the four major
cryopreservation procedures; i.e., the addition of cryoprotective agents (CPAs) to cells
and tissues before cooling, the cooling process (to a low temperature for storage), the
warming process (after storage at low temperatures), and the removal of the CPAs from
the cells and tissues after warming. These potential lethal factors include at least the
following:

1. Potential chemical toxicity of CPAs to cells
2. Severe cell osmotic volume change during the addition and removal of CPAs as well as

during the cooling and warming processes
3. Intracellular ice formation during the cooling and its potential growth (i.e., recrystalli-

zation) during the warming
4. Devitrificaton (e.g., water in a glass state changes into crystal state during the slow

warming process)
5. Thermal stress caused by nonuniform cooling and warming
6. Harmful free radical formation
7. Other factors not currently understood (e.g., “cold shock,” “chilling injury,” etc.)

The tolerance limit to each of these lethal factors is cell/tissue-type dependent.
Scientifically, to predict optimal conditions for cell cryopreservation, one needs to know

fundamental cryobiological characteristics and properties of the given cell type, such as  the
cell’s osmotically inactive volume, cell membrane permeability to water and cryoprotective
agents, and associated activation energies, CPA toxicity, osmotic volume change limits, phase
change diagrams of CPA solutions, thermal properties of cell suspensions or tissues, intracel-
lular ice formation dynamics, vitrification/devitrification temperatures, and so on. After obtain-
ing the optimal cryopreservation conditions by research (as discussed in the previous chapters),
one also needs to develop equipment and devices that can be used practically to achieve and
control those optimal conditions for cryopreservation and banking of large cell and tissue
samples. During the past decades, numerous instruments, devices, and equipment have been
developed for use in the fundamental cryobiology research and/or cryopreservation practices;
some of those important and commonly used thermal instruments or devices and their technical
considerations/principles are introduced in this chapter.

 

12.2 INSTRUMENTS AND DEVICES IN CRYOBIOLOGY RESEARCH

12.2.1 C

 

RYOMICROSCOPY

 

Cryomicroscopy — a technique of dynamic, micron-scale, visual investigation of cooling/warming
processes at low temperatures — provides a very graphic and dramatic view of the phase change
process and its effect on cells such as intracellular ice formation, re-crystallization, and cell volume
changes during different cooling and warming processes. Most frequently, cryomicroscopy is
accomplished by mounting a specially designed stage (“cryostage”) onto a light microscope, on
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which a sample of interest (e.g., biological cells and tissues) may be placed and subjected to a
controlled alteration in the thermal environment. The dynamic response of the sample is followed in
real time by direct observation through the microscope. Thus, a main consideration in cryomicro-
scope development is (a) to appropriately design and fabricate the cryostage providing a cool-
ing/warming condition; (b) to prepare the specimen so a clear image is maintained throughout the
protocol of interest (e.g., a specific cooling/warming process); (c) to measure and control the
temperature change (during the cooling or warming) in the cryostage and sample; and (d) to collect
and record experimental data and images.

The experimental technique of cryomicroscopy has been plied for more than 140 years since
Julius Sachs discussed his observations of ice crystal formation during freezing and alterations of
the cell wall upon thawing in leaf sections in 1860.

 

1

 

 Ken Diller made a new milestone in the early
1970s using the emerging technology of microelectronics

 

2

 

 and developed a computer-controlled
cryostage that allowed the use of sophisticated cooling and warming protocols. This section will
discuss the system developed by Diller and Cravalho,

 

2

 

 then the major issues in the design of a
cryostage.

 

12.2.1.1 Diller’s Cryomicroscopy: An Overview

 

Figure 12.1 shows schematically the mechanism and structure of cryomicroscope system for
visual and photographic observation of the freezing and thawing process in biological cells. The
various cooling rates of the system are obtained by cooling the system at a constant rate with a
steady flow of refrigerant fluid through the device while the warming is achieved by simultaneously
dissipating a variable rate of electrical energy in a resistance heater, which is immersed in the fluid
stream and in thermal communication with the samples.

 

FIGURE 12.1

 

Cryomicroscopy system developed by Diller and Cravalho

 

2

 

 (Redrawn from Diller and
Cravalho, 1970

 

2
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The specific design of the thermodynamic system is shown schematically in Figure 12.2 (Diller
and Cravalho, 1970).

 

2

 

 The system consists of a stainless steel chamber (made from a sheet 0.020
in. thick) with an area of 0.4375 in.

 

2

 

 with refrigerant inlet and outlet tubes. The opening in the
top and bottom faces of the chamber are fitted with quartz windows 0.007 in. thick and sealed
with epoxy. These windows are actually quartz c o v er slips cut to fit the chamber. A small
deflector mounted on the bottom face of the chamber at the inlet tube directs the inlet refrigerant
stream against the bottom side of the top window to enhance the convective heat transfer. There
are two primary considerations in the design of the chamber:

1. The dimensions of the chamber are critical since it is necessary to minimize the thermal
mass of the system in order to achieve the higher cooling and warming rates.

2. The height of the chamber must be such that the working distance of the light microscope
condenser is not exceeded.

The chamber assembly is mounted in a phenolic block attached to a standard Leitz traversing
mechanism with two degrees of freedom in the horizontal plane. The low thermal conductivity of
the phenolic block serves to isolate thermally the chamber assembly from the body of the micro-
scope. The complete unit is mounted on a standard stage base and attached to a light microscope
(Diller and Cravalho, 1970).

 

2 

 

The specimen is viewed with a phase contrast 63X, 0.90–NA, Neofluar Zeiss dry objective
with a working distance of 0.12 mm. A dry objective was selected instead of an oil immersion
objective in order to minimize the thermal mass of the specimen and to avoid the phase change
that would occur in the immersion oil at the lowest temperature. With this objective, maximum
useful total magnification is limited by resolution consideration to approximately 1000X. The
objective, chamber assembly, and phase contrast condenser are enclosed in transparent plastic
housing in which a slight positive pressure of dry helium and nitrogen gas is maintained in order

 

FIGURE 12.2

 

Freezing and thawing stage microscope (Redrawn from Diller and Cravalho, 1970

 

2
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to prevent the condensation of water vapor on the specimen and to reduce the thermal contact
resistance between the specimen and the refrigerant chamber. The viewing end of the microscope
is fitted with an 8X eyepiece and a camera (for example, a 35–mm or Polaroid or digital camera
or video camera for recording). A specially designed feedback control system is employed in
conjunction with the cryomicroscopy to achieve a wide variety of cooling and warming rates and
storage and thawing temperatures in the cell specimen.

 

12.2.1.2 Various Cryostage Designs

 

Basically, there are three kinds of cryostage in the literatures, including heat convection cryostage,
heat conduction cryostage, and directional cooling cryostage. The convection stage was first devel-
oped by Diller and Cravalho

 

2

 

 in their microscope design. The convection cryostage directs the flow
of refrigerant (usually liquid nitrogen) through an inner chamber in the stage, via intake and exhaust
manifolds, directly onto the underside of the upper chamber plate on which the specimen is mounted.
Conduction affects heat loss through the plate — usually fabricated of glass, quartz, or sapphire —
to the bottom surface, where it is convected to the flowing refrigerant as shown in Figure 12.3.
The stage is shown in cross-section normal to the optical axis of the microscope to illustrate the
lateral and vertical flow paths of heat from the specimen to a circulating refrigerant fluid.

Longer working-distance optical components are required for convection stages because the
convection stages have a much larger thickness along the optical path due to the necessity of
manifolding the refrigerant flow directly through the viewing portion of the stage. In general,
convection cryostages cannot achieve high cooling rates because the interface for convective heat
transfer to the refrigerant at the underside of the specimen mounting plate is much more fragile
mechanically than the interface through a copper manifold on a conduction stage. Therefore, lower
refrigerant flow rates at more moderate temperatures are usually used with a convection stage.
Lateral temperature gradients on the specimen plate are minimized by designing the refrigerant
flow to wash the under-surface to enhance the uniformity of the convective heat transfer. Because the
entire specimen volume is maintained in a more nearly isothermal state, it is possible to produce
repeatable supercooled conditions, which can be very useful for studying the osmotic properties
of specimens when exposed to controlled ice nucleation and the resulting concentrated extracellular
solutes at a constant temperature.

 

2

 

McGrath, Cravalho, and Huggins

 

3

 

 initially implemented the heat conduction cryostage. A
conduction stage operates by directing the flow of refrigerant through a manifold mounted periph-
erally on the stage; the specimen mounting area is coupled to the manifold by a copper plate through
which heat flows laterally (as shown in Figure 12.4). The required thickness of the stage along the
optical path is greatly reduced by removing heat via conduction to a remote location, where it can
be transferred by convection to the refrigerant; a large range of cooling rates can be produced by
directing very cold refrigerant at high flow rates through the stage.

 

FIGURE 12.3

 

Principle of convection cooled cryostage.
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Conduction cryostages are quite versatile in their performance characteristics; however, they need
very large temperature gradients to effect their operation because the lateral conduction process
requires a relatively large temperature gradient normal to the optical path. This arrangement normally
precludes the possibility of investigating thermal protocols involving any significant degree of extra-
cellular supercooling because ice will be nucleated in the peripheral regions of the specimen where
the temperature is much lower than at the viewing site. Also, the large lateral temperature gradient
makes accurate measurement and control of the actual specimen temperature more difficult.

 

3

 

In the convection cryostages, the temperature of the sample and the stage are uniform in space.
The advantage of such a design is that the physical phenomenon in a certain cell can be observed
continuously in time and correlated to the thermal history of the sample. However, the freezing in
a large biological sample (e.g., in a tissue) is usually not uniform in space. In addition, the freezing
process is directional and in the direction of the temperature gradients. It is necessary to observe
the directional freezing process of large biological samples under a cryomicroscope. The conduction
cryostage suggests a possibility for cryomicroscopy in which the growth rate of ice could be
controlled and the interface tracked under the microscope. Rubinsky and Ikeda

 

4

 

 have developed
such a directional solidification cryostage in which large samples of biological materials can be
frozen in a predetermined direction with a constant controlled cooling rate. In this apparatus the
stage is driven mechanically across the microscope field of view between a heat sink and source,
establishing a constant temperature gradient appropriate to continuous observation of the phase
boundary.

Figure 12.5 shows the schematic of the directional solidification cryostage. There are two
constant-temperature bases maintained at different but constant temperatures; the temperature of
one base (T

 

H

 

) is above the change of phase temperature for the material to be frozen, whereas the
temperature of the other base (T

 

C

 

) is below that temperature. There is a glass substrate (microslide)
on the bases, and a thin layer of the material to be solidified, covered by another thin glass coverslip,
on top of the substrate. The temperature distribution between T

 

H

 

 and T

 

C

 

 in the microslide is assumed
to be linear during directional solidification. The heat is extracted from the material on the glass
substrate (microslide) while moving the microslide at a constant velocity (V) through the constant
temperature profile imposed by the freezing stage. Several design constraints must be satisfied to
have a linear temperature distribution in the microslide configuration.

 

4

 

 To ensure that the temper-
ature throughout the thickness of the microslide configuration is uniform and that the temperature
of the microslide at hot ends of the gap between the two bases edge is equal to the temperature of
the bases (T

 

H

 

 and T

 

C

 

), the specific Biot number for the microslide based on the thickness of the
microslide must be less than one. This is expressed by 

where

 

 Bi

 

 is the Biot number and 

 

h

 

 is the heat transfer coefficient between the outer surface of the
microslide and the environment. The thermal conductivity of the glass microslide is 

 

k

 

m

 

 and the

 

FIGURE 12.4

 

Conduction cooled cryostage.
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thickness of the microslide is 

 

δ

 

m

 

. The values in parentheses next to the dimensionless numbers are
typical of the dimensionless numbers in the system used in this work. It is also assumed that the
thermal contact resistance between the copper plate and the glass substrate is negligibly small.

The temperature distribution in the microslide configuration is assumed to be linear between
T

 

H

 

 and T

 

C

 

, when the microslide moves continuously at a constant velocity, V, if heat transfer by
conduction through the glass microslide is much larger than (a) the heat transfer required for the
freezing of the specimen, (b) the heat transferred by forced convention due to the displacement of
the microslide, (c) the heat transfer to the surrounding environment if (d) the thickness of the
microslide configuration is uniform in the axial (x) direction and if (e) the thermal contact resistance
between the glass substrate and the copper plate does not significantly increase with velocity.
Requirements (a) through (d) can be described by the expressions:

 

4 

 

(a)

(b)

(c)

(d)

 

FIGURE 12.5

 

Design schematic for directional solidification (redrawn from Rubinsky and Ikeda
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where 

 

k

 

m

 

 

 

(in W/m.

 

K

 

), 

 

α

 

m

 

 

 

(in m

 

2

 

/sec)

 

, 

 

and 

 

δ

 

m

 

 (in m) are the thermal conductivity, thermal diffusivity,
and thickness of the microslide, respectively; 

 

T

 

e

 

 (in 

 

K

 

) is the temperature of the environment; 

 

L

 

s

 

(in 

 

J

 

), 

 

ρ

 

s

 

 

 

(in kg/m

 

3

 

), and 

 

δ

 

s

 

 (in m) are the latent heat, density, and thickness of the sample to be
frozen, respectively; 

 

V

 

 is the velocity of the microslide (in m/sec); 

 

d

 

 is the distance between the
edges of the high- and low-temperature bases (in m); and Q is the power dissipation of the
microscope light (in W).

Figure 12.6 shows a schematic of the cryomicroscope system developed by Rubinsky and
Ikeda.

 

4

 

 The functions of each unit in the stage are discussed in their original publication.

 

4

 

The directional solidification principle was also used to develop a cooling machine.

 

5

 

 Experi-
mental results show that the developed cooling machine is a useful and practical tool to achieve
controlled cooling rates in the straws (with samples) during the cryopreservation process. It is also
reliable and inexpensive and may be used for indoor or outdoor cryopreservation practices.

 

12.2.2 D

 

EVICES

 

 

 

AND

 

 I

 

NSTRUMENTS

 

 

 

TO

 

 D

 

ETERMINE

 

/M

 

EASURE

 

 C

 

ELL

 

 V

 

OLUME

 

 
C

 

HANGE

 

Measurement of cell volume change under a given environmental-osmotic change is indispens-
able for the determination of cell membrane permeability to water and CPAs and associated
activation energy, which are important cryobiological parameters for defining the optimal
condition for addition and removal of CPAs in cells and predicting optimal cooling conditions
for cell cryopreservation.

 

6,7,8

 

 Some techniques and devices used for measuring the cell volume
change in cryobiology research include a microdiffusion chamber, micropipette perfusion, a
microperfusion chamber, and the Coulter counter technique, which are introduced in the sections
that follow. 

 

FIGURE 12.6

 

Schematic of the cryomicroscope stage (Redrawn after Rubinsky and Ikeda

 

4

 

).

Liquid 

nitrogen 

Flow 

indicator 

Digital 

thermometer 

Proportional

controller

Video 

camera 

DC power 

supply 

DC 

motor 

Voltmeter 

Microslide 

positioner 

Proportional

controller

Video 

recorder 

Analog 

timer 

V2 

V1 

2 

2 

2 

DPDT 

switch  

Microscope 

freezing 

stage 

2 

2 

T/C4 

T/C3 

T/C1 

T/C2 

30 V 

30 V 

 

2772_C012.fm  Page 328  Thursday, July 13, 2006  1:39 PM

© 2007 by Taylor & Francis Group, LLC



 

Thermal Instruments and Devices in Cryobiological Research and Applications

 

329

 

12.2.2.1 Microdiffusion Chamber

 

McGrath

 

6

 

 developed a microdiffusion chamber that allows directional observation of the dynamic
osmotic response of individual cells in microvolume suspensions. With the microdiffusion chamber,
it is possible to continuously observe cell volume change when the extracellular chemical compo-
sition and osmolality changes.

Figure 12.7 provides a schematic of the microdiffusion chamber. A microcell chamber is created
with a spacer ring (approximately 1 mm thick) between a top coverglass and a thin dialysis
membrane. A small amount (a few microliters) of cell suspension is placed in the chamber as a
thin layer between the top coverglass and the dialysis membrane. The basic principle of the device
is as follows.

 

6

 

 A sample of cell suspension is placed in the chamber and a solution isotonic with
this sample solution is placed in the bulk flow region under the dialysis member. The cells can be
observed by focusing the microscope, and specific cells of interest can also been identified by
lateral scanning. Initiation of an experiment occurs when the fluid in the bulk region is replaced
rapidly by a new solution of interest. The flow must be rapid enough and must be allowed to
continue throughout the experiment to ensure minimizing response time. Mass transfer across the
membrane will establish a new extracellular solution within the sample region, and the cells respond
to this change in a chemical and osmotic environment. The cells do not move during the time the
extracellular solution is replaced, and individual cells may be observed through the process. A
digital or video camera records the cell response and volume change.

According to McGrath,

 

6

 

 the dialysis membrane used in the diffusion chamber should:

1. Be optically clear to allow visualization of the cellular response
2. Allow passage of all molecules that may be of interest to include in the extracellular

solution of the cells
3. Have mechanical strength so that it is easily handled 

 

12.2.2.2 Micropipette Perfusion

 

Gao et al. (1994)

 

9

 

 developed the micropipette perfusion technique to determine membrane transport
properties of mammalian oocytes. Figure 12.8 shows the schematic diagram of the technique.
Micropipettes with an eight- to ten-µm diameter tip opening were made of 1.2–mm glass capillary

 

FIGURE 12.7

 

Schematic drawing of the microdiffusion chamber (redrawn from McGrath
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tubes using a Needle/Pipette Puller (David Kope Instruments, Tujunga, CA)

 

 

 

and Microforge MF-
1 (Technical Products International Inc., St. Louis, MO). The micropipette is used to apply a
negative pressure to hold only the zona pellucida of an oocyte; the zona pellucida is a relatively
thick, translucent, protein matrix that surrounds the plasma membrane of fully grown mammalian
oocytes. The zona pellucida is highly porous and does not serve as a permeability barrier even to
very large macromolecules or viruses.

 

10

 

 The oocyte is then directly perfused with 1 mL prepared
anisosmotic solution with or without CPAs. The temperature of the cell suspension during the
perfusion process is controlled by a temperature control device (Temperature controller 1221; Frank
E. Fryer Co., Scientific Instruments, Chicago, IL). The dimensional changes of the oocyte before,
during, and after perfusion are observed using an inverted Nikon microscope (Nikon, Inc., Garden
City, NY)

 

 

 

at a magnification of 200X and recorded by a

 

 

 

video camera until osmotic equilibrium is
achieved.

 

12.2.2.3 Microperfusion Chamber

 

A microperfusion chamber was developed to measure kinetic cell volume changes under various
extracellular conditions and to quantitatively determine cell membrane transport properties.

 

11

 

 This
device eliminates modeling ambiguities and limitations inherent in the use of the microdiffusion
chamber (i.e., more complex mathematical modeling and mass transfer limitation of the dialysis
membrane) and the micropipette perfusion technique (limited to oocytes with zona pellucida).

To measure cell volume changes as a function of time, four technical requirements must be
satisfied if light microscopy is used: 

1. The change of the extracellular condition must be feasible, rapid, and controllable. 
2. The cell must be held at a fixed location under the microscope during the change of the

extracellular medium (otherwise, the cell could be out of focus under the microscope or
disappear entirely from the microscopic optical field). 

3. The cell response (volume change) to the change of extracellular condition must be
measurable and resolvable (in time and space). 

4. The temperature of the cell suspension must be controllable. 

The microperfusion chamber technique was designed to meet all these requirements. The design
and structure of the microperfusion chamber system is shown in Figure 12.9, including a microp-
erfusion chamber, a temperature controller, and a Hamilton syringe. During the experiments, a cell
suspension with one or more cells is first loaded at the solution inlet and then aspirated into the
chamber cavity (height: 2 mm; diameter: 1 mm; volume: 1.6 

 

µ

 

L) using the Hamilton syringe. With
continued aspiration, part of the cell suspension solution moves out of the chamber, but the cell or
cells remain on the transparent porous membrane at the bottom of the cavity (polycarbonate screen

 

FIGURE 12.8

 

Schematic diagram showing a micropipette with an 8–10 µm tip opening used to apply negative
pressure and hold only the zona pellucida of an oocyte (Gao et al., 1994).

Zona pellucida

Oocyte plasma membrane

Micropipette

Negative pressure to

hold zona pellucida

 

2772_C012.fm  Page 330  Thursday, July 13, 2006  1:39 PM

© 2007 by Taylor & Francis Group, LLC



 

Thermal Instruments and Devices in Cryobiological Research and Applications

 

331

 

membrane:

 

 

 

thickness: 10 µm; pore diameter: 3 µm; pore density: 2 

 

×

 

 10

 

6

 

 pores/cm

 

5

 

). A perfusion
medium (an isotonic solution with or without CPAs) is then loaded at the solution inlet and made
to pass the cell or cells by aspiration. The perfusion flow rate is controlled using the Hamilton
syringe and by adjusting the rpm of a DC motor connected with the Hamilton syringe (Figure
12.9a). The total volume of the medium used to perfuse the cell(s) can be measured by reading
the scales on the Hamilton syringe. Based on the Hamilton syringe reading, the original isotonic
solution in the perfusion chamber cavity (1.6 

 

µ

 

L) was quickly replaced by the new perfusion medium
within 0.5 s. The small size of the chamber cavity and downward flow of the perfusion medium
immobilizes the cells in the chamber during the perfusion process. The cells are continuously
perfused for another 30 s. Over 90 

 

µ

 

L of the perfusion medium runs through the cells during the
perfusion. Before, during, and after the process, a video camera records the history of cell volume
changes until the cells achieve osmotic equilibrium.

The perfusion chamber and cell suspension in the chamber cavity can be cooled (or heated)
using a temperature controller (Figure 12.9a) to reach an equilibrium temperature. Precooled or
heated water is pumped through the jacket of the temperature controller to keep a constant tem-
perature in the microperfusion chamber during the experiment. The prepared perfusion media are
precooled or heated in a temperature-controlled methanol bath to reach the same temperature as

FIGURE 12.9 Schematic diagram showing (a) the setup of the microperfusion chamber system and (b) the
structure of the microperfusion chamber. 1: glass slide; 2: inlet of the perfusion solution: 3: upper metal body
of the chamber, 4: a cell; 5: the chamber cavity/space; 6: lower metal body of the chamber, 7: transparent
porous membrane; 8: outlet of the perfusion solution; 9: glass slide; 10: microscopic lens; 11: thermocouple.
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the perfusion chamber. A precooled/preheated perfusion media is then loaded in the perfusion
chamber and used to perfuse the cells. During the experiment, copper-constantan thermocouples
are used to monitor the temperature variation of the perfusion medium and the temperature change
of the microperfusion chamber.

The microperfusion chamber method has the following major advantages:

1. The extracellular condition(s) can be readily changed by perfusing a single cell or group
of cells with a prepared medium; cells can be reperfused with a different medium to
study the response of the same cell to different osmotic conditions. 

2. The short mixing time of cells and perfusion medium allows for accurate control of the
extracellular osmolality and ensures accuracy of the corresponding mathematical formu-
lation (modeling). 

3. The technique is widely applicable to the study of the cell osmotic response and deter-
mination of cell membrane transport properties.

12.2.2.4 The Coulter Counter Technique

The Coulter counter — the most widely used method for counting and sizing microscopic particles
suspended in a fluid — is based on the Coulter principle, which was first discovered by Wallace
Coulter.49 

The Coulter principle, also called the “sensing zone” principle (Figure 12.10), states that cells
are poor electrical conductors compared with saline solution. When we draw the cells (particles),
suspended with a weak electrolyte solution, through a small aperture separating two electrodes
between which an electric current flows, the voltage applied across the aperture will create a “sensing
zone.” As each particle passes through the “sensing zone,” it displaces its own volume of conducting
liquid, momentarily increasing the impedance of the aperture. This change in impedance produces
a tiny but proportional current flow into an amplifier that converts the current fluctuation into a
voltage pulse large enough to measure accurately. The Electric Sensing Zone principle states that
the amplitude of this pulse is directly proportional to the volume of the particle that produced it.

FIGURE 12.10 The Coulter principle.
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Scaling these pulse heights in volume units enables a size distribution to be acquired and displayed.
In addition, if a metering device is used to draw a known volume of the particle suspension through
the aperture, a count of the number of pulses will yield the concentration of particles in the sample.
McGann, et al.12 have further developed this technique to measure the dynamic cell volume change
(for spherical or irregular cell shapes) and to determine cell membrane permeability.13

12.2.3 DEVICES FOR DETERMINATION OF THERMAL PROPERTIES

With the recent advances in cell and tissue cryopreservation, knowledge of thermal properties of
biomaterials is becoming increasingly important for modeling and numerical calculation to optimize
cryopreservation conditions. In this section, a group of thermal analysis techniques and
devices are introduced, which have been used (a) to directly determine the important
thermal properties of a cell suspension, a tissue, or a CPA solution (e.g., phase diagram, thermal
conductivity, vitrification/devitrification temperatures), or (b) to determine indirectly the
cell dehydration during the cooling process.

12.2.3.1 Differential Thermal Analysis (DTA)

The basic components of a differential thermal analysis (DTA) device are shown in Figure 12.11.
The principle of the DTA technique resumes to heating (or cooling) a test sample (S) and an inert
reference (R) under identical conditions while measuring the temperature difference between S
and R.

The differential temperature is then plotted against time or temperature. Chemical, physical,
and structural changes in the sample S lead to the absorption (endothermal event) or evolution of
heat (exothermal event) relative to R. If the response of two inert samples submitted to an applied
heat-treatment program is not identical, differential temperatures arise as well. Therefore, DTA can
also be used to study thermal properties and phase changes which do not necessarily lead to a
change in enthalpy.

A typical DTA curve is illustrated in Figure 12.12. Three types of transitions are illustrated:
(I) second-order phase transition in which a change in the horizontal baseline is detected; (II) an
endothermic curve peak caused by a melting or a fusion; and (III) an exothermic curve peak caused
by a crystalline phase change (freezing).

12.2.3.2 Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry was first introduced in 1960s. Unlike DTA instruments,
which measure a temperature difference in a twin sample configuration with a common heater,

FIGURE 12.11 Schematic illustration of a basic DTA system.
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DSC measures the change of the difference in the heat flow rate to the sample and to a reference
sample while they are subjected to a controlled temperature program.

Differential scanning calorimetry (DSC) monitors heat effects associated with phase transitions
and chemical reactions as a function of temperature. In a DSC the difference in heat flow to the
sample and a reference at the same temperature is recorded as a function of temperature. The
reference is an inert material such as alumina, or just an empty aluminum pan. The temperature
of both the sample and reference are changed at a constant rate. Two types of DSC systems are
commonly in use: power-compensation DSC (Figure 12.13) and heat-flux DSC (Figure 12.14).

Power-compensation DSC. The specimen (TS) and reference (TR) temperatures are controlled
independently using separate (identical) ovens (as shown in Figure 12.3). The temperature difference
between the sample and reference is maintained to zero by varying the power input to the two
furnaces. This energy is then a measure of the enthalpy or heat capacity changes in the test specimen
S (relative to the reference R).

Heat-flux DSC. The test specimen S and reference material R (usually an empty sample pan +
lid) are enclosed in the same furnace together with a metallic block with high thermal conductivity
that ensures a good heat-flow path between S and R (as shown in Figure 12.14). The enthalpy or
heat capacity changes in the specimen S lead to temperature differences relative to R. This results
in a certain heat flow between S and R, however small compared to those in DTA, because of
the good thermal contact between S and R. The temperature difference ∆T between S and R is
recorded and further related to the enthalpy change in the specimen using calibration experiments.

FIGURE 12.12 Typical DTA curves.

FIGURE 12.13 Power-compensation DSC.
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The heat-flux DSC system is thus a slightly-modified DTA system: the only important difference
is the good heat-flow path between the specimen and reference crucibles.

Modes of operation. DSCs are generally operated by a controlled program, which changes the
temperature in time. Usually, there are two kinds of operation modes: constant heating rate (this
is the classical DSC operating mode), and the variable heating rate.

12.2.3.2.1 Constant Heating Rate
The controlled program follows the time law:

T(t) = T0 + β0 · t  (12.1)

where T0 is the starting temperature of the run and β0 the heating or cooling (negative) rate. In
other words the temperature changes linearly in time. With common DSCs heating rates up to
150 K/min–1 (power compensated DSC: 500 K min–1) can be reached. The cooling rates are
lower (<150 K/min-1), because the transport of heat out of the sample needs time (a compen-
sation is not possible).

In the isothermal mode the heating rate (β0 in Equation 12.1) is zero, i.e., the temperature T0

is kept constant. Consequently, if no transitions or reactions take place in the sample, there is
no heat exchanged with the sample and the heat flow rate should read zero. This is in practice not
the case, as all DSCs are not perfectly symmetrical and the heat exchange of the sample and
reference sample with the surroundings is somewhat different. This results in a non-zero heat
flow rate even in the isothermal case. One reason to perform isothermal measurements in a
DSC is to measure and check this asymmetry. Isotherms are used for calculation of heat flow rate
corrections due to asymmetries; they are included before and after scanning sections in the
case of precise heat capacity measurements. Another reason to perform isothermal measurements
is to determine the latent heat of phase transitions taking place in the sample at a certain temper-
ature. Of course, the baseline (the isotherm obtained without processes of the sample) must
be subtracted from the measured curve to get the true reaction heat flow rate.

In the scanning mode the temperature changes linearly in time. Every material needs a certain
heat to be warmed up and the heat flow rate is proportional to the heating rate:

FIGURE 12.14 Main components of a typical heat-flux DSC.  
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(12.2)

with Cp as the proportionality factor. In a DSC the differential heat flow rate depends on the
differential heat capacity and heating rate. Generally the measured heat flow rate in scanning
mode is never zero and is made up of three parts:

Φ(T, t) = Φ0(T) + ΦCp(T) + Φr(T, t) (12.3)

The first term on the right hand side is caused by the unavoidable asymmetry of the DSC;
the second term is caused by the difference in heat capacity of sample and reference sample;
and the third term is the heat flow contribution from a transition (latent heat) occurring in the
sample. The first two parts define the “baseline,” and the third part defines the “peak” of the
measured curve. In the case of total symmetry and absence of processes, only the sample heat
capacity causes a signal and can be determined from it. Scanning is the most used mode of
operation with DSCs.

12.2.3.2.2 Variable Heating Rate (Modulates Temperature)
In the case of a variable heating rate, a certain modulation term is added to the linear part of the
temperature-time function. The periodic (harmonic, i.e., sinusoidal) is the simplest and most used
modulation type. Equation 12.1 reads:

T(t) = T0 + β0 · t + TA · sin(ωt) (12.4)

in which TA is the amplitude and ω the angular frequency of the modulation. Together with β0, the
“underlying” heating rate, there are three parameters that can be chosen freely within certain limits.
This influences the heating rate, which follows from Equation 12.4 as:

(12.5)

This kind of operation mode, used in the MTDSC (modulated temperature DSC), is covered
in a detailed discussion by Hohne et al.14

12.2.3.2.3 Applications of Differential Scanning Calorimetry
Determination of the temperature and the transition enthalpy of phase transitions. Differential
scanning calorimetry, used to study changes in enthalpy as a material is heated and cooled,
accurately determines the temperatures of thermal events such as the freezing and melting points.
The thermal capacity and latent heats liberated or consumed during phase changes can also be
accurately determined.
Determination of the glass transition and the devitrification temperature. DSC has been the most
widely used technique in the determination of glass transition temperature. In this case, a heat
capacity step prior to the melting endotherm is seen to define Tg. Levine and Slade15 originally
located the glass transition temperature in the middle of the main heat capacity step. A second
suggestion has been to define Tg as the beginning or middle of a smaller heat capacity change,
often seen at a lower temperature,16 which may be associated with the beginning of mobility changes.

Regardless of how the glass transition is modeled, it is well known that there is a “step” in
heat capacity, Cp, at this transition with no heat accompanying it. Hence, the phenomenon is similar
to a thermodynamic second-order transition, but it is not a thermodynamic transition because it
depends on time. The value of the glass transition temperature usually decreases by 2 to 3°C per

ΦCp pC
d T

dt
= ⋅

dT

dt
T tA= + ⋅ ⋅ ( )β ω ω0 cos
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decade decrease in cooling rate. A recorded Tg corresponds only to a glass formed via a specific
cooling history. In addition, Tg is not only influenced by how rapidly the material is cooled but
also, if measured during a heating experiment, it is also affected by the heating rate. Fortunately,
by following a few simple rules, DSC measurements of Cp will give Tg values that characterize the
state of the glass and are relatively independent of instrumental parameters.

The glass transition occurs over a temperature range of 10 to 30°C. There are three Tg values
in the thermograms as shown in Figure 12.15; both the onset and midpoint temperature of the glass
transition are commonly referred to as Tg.17

Devitrification is a phenomenon of ice crystallization during the warming of a vitrified solu-
tion.18 Luyet, and colleagues carried out the first experimental investigation of the warming behavior
of vitrified aqueous solutions.19,20 These workers used differential thermal analysis to detect the
enthalpy changes associated with the various transitions and identified the different events which
take place. When the solution was wholly amorphous before warming and when warming was not
fast enough to avoid ice formation, Baudot and Boutron21 observed (Figure 12.16) first the glass
transition, then the devitrification peak corresponding to ice formation on warming, and finally the
nonisothermal peak corresponding to ice melting. Here Td refers to the devitrification temperature.

Measurement of cell volume change and water transport properties during cooling process. A
technique using a differential scanning calorimeter (DSC) to determine dynamic and quantitative
water permeability of cell membrane during freezing was first developed by Devireddy et al.22,23,24

FIGURE 12.15 Determination of glass transition temperature, Tg, and change in heat capacity, ∆Cp, that
occurs over the glass transition temperature range from DSC thermogram.

FIGURE 12.16 Thermogram on warming an aqueous solution with 45% (w/w) diethylformamide at 5°C/min
after quenching (cooling at 320°C/min).
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The first cell model system investigated was a nonattached spherical lymphocyte (Epstein–Barr
virus transformed, EBVT) human cell line.22 Data from the technique show that the initial heat
release of a prenucleated sample containing osmotically active cells in the media is greater than
the final heat release of an identical sample of osmotically inactive or lysed cells in the media. The
total integrated magnitude of this difference, ∆qdsc, was found to be proportional to the cytocrit and
hence also to the supercooled water volume in the sample. Further, the normalized fractional
integrated heat release difference as a function of temperature, ∆q(T)dsc/∆qdsc, was shown to correlate
with the amount of supercooled cellular water that had exosmosed from the cell as a function of
subzero temperature at constant cooling rates of 5, 10, and 20°C/min.

Water transport across a cell membrane during freezing in the presence of extracellular ice was
modeled thermodynamically25,26 as K-K equation

(12.6)

in which Lp, the plasma cell membrane permeability to water, is defined as

(12.7)

and in which V is the cell volume, T is the absolute temperature, Lpg is the permeability of the
membrane to water at a reference temperature (TR = 273.15 K), ELp is the apparent activation energy
for the permeability process, R is the gas constant, B is the constant cooling rate, Ac is the effective
membrane surface area for water transport, vw is the partial molar volume of water, and ns is the
number of moles of solutes in the cell as calculated from initial cell osmolarity and the total
osmotically active cell water volume (V0 – Vb), in which Vb is the osmotically inactive cell volume,
φs = 2 is the disassociation constant for salt in water, and ∆Hf is the latent heat of fusion for water
and is assumed to be constant in the temperature range of interest (0 to –20°C) as 335 mJ/mg.

The cell volume change as a function of temperature can be written as:22

(12.8)

Equation 12.8 is used to generate the cell volume changes from the experimentally measured
DSC heat release data in the subsequent analysis. By fitting Equations 12.6 and 12.7 to the data
generated from Equation 12.8, the permeability of the cell membrane to water can be estimated.22

Several important limitations of the technique are that it requires a priori knowledge of
geometric parameters such as the surface area, initial volume, and osmotically inactive cell volume
and  that the technique alone cannot determine whether the heat released from supercooled cellular
water is due to dehydration or intracellular ice formation. These limitations were addressed by
cryomicroscopy in the study.

As indicated, Devireddy et al.22 did pioneer work in determining water transport properties
(cell volumetric change) during the cooling process using DSC. In their DSC experimental design,
at least three cooling processes need to be performed for a given cell sample: first, a slow cooling
process is used to obtain the extracellular water latent heat release histogram (assuming that no
IIF occurs at the slow cooling process). After thawing, the second rapid cooling process is used
(and may be repeated if needed) to introduce intracellular ice formation (IIF) breaking plasma
membranes of all cells in the sample. Right after thawing, the third cooling process (at the same
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cooling rate as that in the first cooling process) is performed to obtain the total water latent heat
release histogram. The histogram difference between the first and third cooling processes is then
used to determine the intracellular water volume change history during the first slow cooling process.
This approach has two potential limitations.27 First, since the controlled cooling rate in a DSC
machine is limited, the highest cooling rate provided by DSC may not be fast enough to ensure
IIF to destroy all cells during the second cooling process. Second, for some cell types like human
red blood cells, the broken membranes of the cells (ghosts) that are damaged by the second cooling
process can be self-resealed during the thawing process before the third cooling process. Based on
the original theoretical and experimental research work of Devireddy et al.,22 Luo et al.27 developed
a modified method using DSC to determine cell volume change during the slow cooling process
without the need for a second or third cooling process, i.e., only one cooling process is needed for
a given cell sample. However, more cell samples with different cytocrits are needed in this method.

It is assumed that intracellular ice formation does not occur at slow cooling rates; intracellular
water diffusing out of cells will freeze extracellularly as soon as it mixes into extracellular media
during the freezing process; and all components in the cell suspension (including solution and cells)
have the same density. Under these assumptions, the total latent heat release (per unit mass of cell
suspension) from the start of the freezing to any final temperature during the freezing process can
be described as follows:22

(12.9)

in which qf is the total latent heat release per unit mass of cell suspension at any final or ending
temperature during the freezing process caused by the freezing of extracellular water (including
the original extracellular water as well as water diffused out of cells); qec f is the total heat release
(per unit mass of cell suspension) resulting from the freezing of water which is originally in
extracellular media (not including water diffused out of cells during the freezing process); a is the
cytocrit of cell suspension; Vf is the final cell volume; V0 is the cell volume at the originally isotonic
condition before freezing; and ∆Hf is the fusion heat of the unit mass of pure water.

Equation 12.9 can be transformed into the following form:27

(12.10)

or

qf = Kf · a + Bf (12.11)

Where

(12.12)

From the expression of Kf and Bf in Equation 12.11, the following equation can be further
derived to calculate cell volume at any final/ending temperature: 

(12.13)
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Equation 12.10 or 12.11 reveal that qf is a linear function of a. After experimentally (with
DSC) measuring qf released from each of cell suspensions with different cytocrit a, slope Kf and
intercept Bf in Equation 12.11 can be determined by linearly fitting Equation 12.11 with experi-
mental data. If these two determined values (Kf and Bf) are substituted into Equation 12.13, one
can determine Vf (T).

12.2.3.3 Determination of Thermal Conductivity: Minimum Invasive 
Techniques and Devices

An understanding of thermal conductivity of living biomaterials (cell suspension, tissues, and
organs) is indispensable for designing and controlling the optimal cooling and warming conditions
to prevent cryoinjury and thermal-stress-induced fracture in frozen tissues. Two practical and
minimally invasive (to reduce mechanical damage to living tissues and organs) techniques and
devices — the fine needle and tiny spherical thermistor methods — are introduced in the sections
that follow.

12.2.3.3.1 Fine Needle Method
A fine needle probe has been developed to determine the thermal conductivity of cryopreserved
tissues and cell suspensions with cryoprotectants.28 Figure 12.17 shows a schematic of the fine
needle probe, which is constructed by inserting twenty strands of copper wire with electrical
insulation coating (diameter: 0.02 mm, total length: 500 mm) into a fine stainless steel needle
(gage: 19, inner diameter: 0.3 mm, outer diameter: 0.6 mm). The copper wire serves as both a
heating unit and an electrical resistance thermometer.

In this experiment, the fine needle probe is inserted into a cryopreservation medium or a soft
tissue at room temperature. The medium or the soft tissue is then cooled to different low temper-
atures (freezing occurs when temperature is below the freezing point). At a fixed temperature (after
thermal equilibrium), a regulated voltage is supplied to the wire. Electrical resistance of the wire,
R, changes with the wire temperature change. The data of R, which is proportional to the average
temperature of the wire, is measured and recorded, and then the thermal conductivity of the sample
is determined by the change of R as a linear function of logarithmic time interval using the “hot
wire” model and equations. The relative error of the measurement is estimated to be ± 3 percent.

The measuring principle of the fine needle probe is described briefly here, and detailed infor-
mation can be found in the literature.29 Ideally, a fine needle probe is an infinitely long cylindrical
heat source embedded in an infinite homogeneous medium. By applying the Laplace transformation
on the controlling equations and the boundary conditions, the solutions can be simplified and the
thermal conductivity of measured medium can be determined by: 

(12.14)

After derivation and mathematical transformation, the relation between λ and measured R and
τ can be known as

FIGURE 12.17 Schematic of Fine Needle Sensor Structure. a: stainless steel sheath b: copper wire c: two
leads connecting regulation voltage.
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 (12.15)

in which U and L is the heating voltage, R is the electrical resistance of copper wire, β is the ratio
of R change against temperature change, τ is the heating time, U and L is the length of copper
wire, and A is the sensor calibration constant.

The measuring system is schematized in Figure 12.18. When the switch (K) is on, a regulation
voltage (U and L) is supplied to the circuit. The Ampere meter will get the current value (I) at a
predetermined time interval (τ). At the same time, it feeds the collected data into the computer.
According to R=U/I, the copper wire’s electrical resistance versus logarithmic τ can be calculated.
Using the least square method, the tangent of R against logarithmic τ can be determined, and then
the thermal conductivity of medium can be calculated from Equation 12.15.

The fine needle sensor can be used to measure thermal conductivity of biological tissues and
cryoprotective solutions at low temperature with relative error less than 3 percent. The advantages
of the fine needle sensor are high accuracy, simplicity (timesaving and user-friendly), wide appli-
cability, and minimum invasive nature for the tissues/organs/cell suspensions.

12.2.3.3.2 Tiny Spherical Thermistor
Zhang et al.30 developed the tiny spherical thermistor technique to determine the thermal conduc-
tivity of biomaterials over a wide temperature range by using a tiny thermistor 0.3 to 0.5 mm in
diameter. Inserting the thermistor into the tissues is minimally invasive and does not cause significant
tissue or cell damage. The thermal conductivity of the medium can be calculated by the temperature
rise of the thermistor and the electrical power applied.

Based on the theoretical model as described by Zhang et al.,30 the temperature rise of the
thermistor (θP) and the measured medium (θm) in steady state can be described by the following
equations:

(12.16a)

∇2θm = 0 when r > a (12.16b)

θP = θm when r = a (12.17a)

(12.17b)

FIGURE 12.18 Schematic diagram of the measuring system.
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(12.17c)

θm = 0 when r → ∞ (12.17d)

in which r is the radial coordinate measured from the center of the thermistor, km and kP are thermal
conductivities of the measured medium and the thermistor, respectively; a is the radius and VP is
the volume of the thermistor; and P is the power applied. The solutions of the question above are:

(12.18)

(12.19)

Because actual temperature measured is the average value in the whole volume of the thermistor,
the temperature rise of the thermistor (∆T) is:

(12.20)

or

(12.21)

Obviously, if a and kp of the thermistor are known, the thermal conductivity of the measured
medium can be determined from Equation 12.21 by measuring ∆T and P.

Figure 12.19 shows the structure of the detector. A tiny spherical thermistor, 0.3–0.5 mm in
diameter, is fitted on one side of a stainless steel tube, 0.6 mm in outer diameter, by epoxy resins,
and two leads of the thermistor go through the tube.

The circuit for the measurement is given in Figure 12.20, where Rp is resistance of the thermistor,
Rs is an adjustable precision resistor, and VC is a DC voltage regulator. The thermistor is first used

FIGURE 12.19 Structure of the detector: (1) thermistor, (2) epoxy resins, (3) leads, and (4) stainless steel tub.

FIGURE 12.20 Schematic of the measurement circuit.
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passively to sense the temperature of the measured medium and is then self-heated. When voltages
(V1 and V2) reach steady state, the resistance of thermistor and the power supplied can be calculated:

RP = (V1 – V2)Rs/V2 (12.22)

P = (V1 – V2)V2/Rs (12.23)

The variations in thermistor resistance with temperature can be described as follows:

(12.24)

in which T and T0 are temperature values corresponding to resistance of the thermistor RP and RP0,
respectively, and β is the coefficient of the thermistor. From Equation 12.24, we can get the
temperature rise (∆T = T – T0) of the thermistor:

(12.25)

In experiments, if the temperature rise ∆T is controlled to less than 3K, Equation 12.35 can be
approximated as:

(12.26)

The resistance, power applied, and temperature of the thermistor change with the time during
self-heating in experiments. The measurement recording will be stopped if the voltage change is
observed to be less than 10 µV/s, which means the temperature change of the thermistor is less
than 0.0014K/s. Generally speaking, it takes 30–90 s to reach the steady state and to complete the
experiment.

To get an accurate result, some parameters — such as the coefficient of the thermistor (β)
radius (a), and thermal conductivity (kp) of the thermistor — need to be calibrated, and detailed
information about how to do the calibration can be found in Zhang et al.30 Based on the determined
values of β, a, and kp, thermal conductivity of a medium/sample can be determined by measuring
∆T/P of the thermistor.

12.3 THERMAL INSTRUMENT AND DEVICES IN BOTH RESEARCH 
AND CRYOPRESERVATION PRACTICE

12.3.1 COOLING/WARMING INSTRUMENTS AND DEVICES

The cooling and warming rates have a great impact on the cryosurvival of living cells and tissues.
Methods and devices have been developed to control the cooling and warming conditions in
cryobiological research and applications.

12.3.1.1 General Design Consideration

There are several important factors to consider in designing biological cooling units. For example,
the number and shape of the samples to be cooled simultaneously determine the range of acceptable
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volumes and geometries for the cooling chamber. Other important factors include the required
cooling rates, the temperature range through which the samples must be cooled, and the required
accuracy of temperature control. Besides, practical considerations are also important: the choice
of refrigerant may be influenced by the intended storage temperature and is certainly influenced
by the availability and cost of the various alternatives, and the range of intended cooling profiles
has very important implications for the choice of programming system. The following discussion
is from the work and study of Pegg et al.31

12.3.1.1.1 Operating Temperature Range
The most difficult and dangerous temperature range for the cryopreservation of biomedical materials
is from ambient temperature down to –60°C, which might represent a reasonable lower limit for
controlled cooling. It was expected that any device must provide control to –60°C and preferably
to –80°C. It is better if the temperature range can be controlled from room temperature to –196°C
(liquid nitrogen).

12.3.1.1.2 Accuracy of Temperature Control
The required accuracy of temperature control is debatable; both cooling rate and absolute temper-
ature must be considered. The available experimental investigation on the effect of cooling rate on
survival indicates that cell survival would not usually be affected by changes in rate of the order
of 20 percent or even more.31 However, we cannot find any studies of the effect of small changes
of cooling rate with well-controlled linear cooling; it seems reasonable to accept the control
accuracy to be within ±5 percent.

The accuracy of absolute temperature control is sometimes of great importance, but in other
circumstances it is much less critical. For example, in experiments involving the progressive
increase in cryoprotectant concentration during cooling so as to maintain an unfrozen medium,
temperature control should be within ±0.2°C. Also, if it is desired to change the cooling rate
at a predetermined temperature, absolute accuracy is important; however if, as is more usual,
cooling is to be continued to the lower temperature limit at a single rate, then the absolute
temperature of any sample at a particular time will be unimportant. Thus, it is impossible to
lay down a single requirement for the tolerance on absolute temperature control; however,
±0.2°C may be required for critical purposes.31

The liberation of latent heat during the freezing of water is another aspect of temperature control
that must be considered; the demonstration that prolongation of the postfreezing plateau may result
in decreased cell survival implies that this heat should be removed as expeditiously as possible.

12.3.1.1.3 The Refrigerant
The cooling rate required for cryobiology may be as high as tens of degrees per minute, so the
compression-expansion cycle refrigerators and Peltier effect coolers are ruled out because of the
low rates of heat-pumping obtainable. The most readily available and inexpensive refrigerants are
solid carbon dioxide (or dry ice) and liquid nitrogen; both are capable of providing temperature
control down to –60°C. The sublimation point of carbon dioxide at 1 atm (–78.5°C) is too close
to – 6 0 °C to provide an adequate potential for fast cooling as the lower temperature limit is
approached. Liquid nitrogen, on the other hand, with a boiling point of –195.8°C (at 1 atm) is very
suitable. However, solid carbon dioxide has a great advantage: its very large latent heat of vapor-
ization (214 kcal/liter, as compared with 38.6 kcal/liter for nitrogen), makes it an extremely efficient
cold sink.

Either refrigerant (dry ice or liquid nitrogen) would be acceptable for cooling a specimen to a
low temperature, but liquid nitrogen is needed for faster cooling rates and lower temperatures.
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12.3.1.1.4 Heat-Exchange Media
Cooling devices in current use employ either liquid cooling baths or gas-filled cooling chambers.
Liquids are particularly attractive as heat transfer media due to their high specific heat compared
to gases. For example, ethanol has a specific heat of 2.29 J/g°C, about three times the heat capacity
of nitrogen gas in terms of weight but approximately 2000× the heat capacity in terms of volume.
Therefore, liquids are preferred for applications requiring the highest accuracy of temperature
control. However, liquids have some disadvantages: ethanol becomes viscous when the temperature
of the system decreases, it cannot be used much below –100°C, and it eventually freezes at
–117.3°C. Wet samples are sometimes a disadvantage, particularly if they are to be stored in liquid
nitrogen, since the ethanol freezes, causing the samples to adhere. It was concluded that an alcohol
bath cooling unit would be valuable for accurate temperature control and for minimizing the latent
heat effect, but a gas-phase cooler would have practical advantages for less critical control.31

12.3.1.2 Cooling Devices: Examples

12.3.1.2.1 Ethanol Bath Cooling Unit
The ethanol bath cooling unit was first reported by Pegg et al.31 Figure 12.21 illustrates the principle
of the apparatus. Samples are placed in a cooling bath with the dimension of 1.5 cm × 20 cm ×
18 cm, containing 4 liters of ethanol. The forced injection of air from an inlet at the base contin-
uously stirs the bath, and the air being taken from the gas space above the bath minimizes heat
input. In an adjacent section of the apparatus, ethanol is cooled to – 7 5 °C by percolation over
solid carbon dioxide fragments (10–15kg) contained in a perforated metal canister measuring 20
cm × 20 cm × 35 cm deep. Cooled ethanol collects in a two-liter sump which contains a submerged
gear pump (Crown type MG 2); driven at 460 rpm, this pump will deliver an unrestricted flow of
4 liters per minute and will develop a pressure (at zero flow) of 110 psi with ethanol at –70°C.
A wire gauze filter of 50 mesh stainless steel protects the pump intake. A 0~100 psi pressure
gauge monitors the pump output pressure, which is 20 psi in normal operation; pipe blockage
or pump failure can he diagnosed from the gauge indication. Coolant from the pump flows to a
T-piece, which is connected to two solenoid valves that operate in flip-flop on command from
the control equipment. One valve directs the ethanol to the solid carbon dioxide chamber and

FIGURE 12.21 Schematic diagram of the ethanol bath cooling apparatus. Ethanol, cooled by percolation
over the solid carbon dioxide in the right-hand compartment, is pumped into the caroling bath whenever the
temperature controller causes the upper solenoid valve to open. Surplus ethanol from the cooling bath is
recooled and returned to the pump. (Redrawn from Pegg et al., 1973).
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then to the sump. The second valve directs the ethanol to the cooling bath, which it enters at the
base mixed with the air injection. Excess ethanol from the cooling bath overflows into the carbon
dioxide chamber where it is recooled and returned to the sump. The shape and position of the
coolant inlet nozzle and the resistance thermometer connected to the control unit were found
to be critical. It was necessary to mix the injected air with the coolant and to provide multiple
injection ports in order to achieve maximum uniformity of temperature throughout the bath;
it was also essential to position the control thermometer within 1 cm of one of the injection
ports to prevent temperature undershoot. With these refinements a temperature regulation of
±0.2°C, measured with a thermometer having a response time of 0.2 sec, was obtained.

12.3.1.2.2 Microprocessor-Controlled Rate Controller
Cell or tissue suspensions cooled or warmed at predetermined optimal rates are usually desirable.
There are many commercial cooling and warming devices that will meet this requirement. In many
of these devices, a cold gas (e.g., liquid nitrogen gas) is used as a coolant and a warm gas (e.g.,
nitrogen gas or air heated by an electrical heater) is used as a heating source, both of which can
be injected through electromagnetic valves into a chamber containing cell or tissue samples in
order to achieve the desired temperature and cooling or warming rate in the chamber or inside the
samples. Temperature sensors are placed in the chamber and/or samples to monitor the process.

The microprocessor-controlled rate controller first developed by Baartz and Brock (1979) is
introduced here as an example. Figure 12.22 presents a diagram of the microprocessor-controlled
constant-rate cooling system.32 The microprocessor is introduced into the system so that the signal
generated by a copper–constantan thermocouple, which is placed in a reference sample of the cell
suspensions to be frozen, is continuously compared with a preset cooling rate; a positive or negative
deflection of 0.017°C or more from that rate is compensated for by control of the solenoid valves
in the freezing chamber.

A stainless steel cylindrical inner chamber, 37 cm high and 31 cm I.D. (internal diameter), was
positioned over a 16-cm-high cylindrical base, which enclosed the air fan (3400 rpm) and three N2

vapor inlets (Figure 12.22). Three 3/8-in. cryogenic solenoid valves at the base of the inner chamber
regulate the flow of LN (liquid nitrogen) vapors. The base of the inner chamber is wire mesh, and
a test-tube rack rests on that to hold the sample vials clipped in canes. Near the base of the inner

FIGURE 12.22 Diagram of the cooling system shows the inlets for liquid N2 vapor at the base of the inner
cooling chamber. Thermocouple probes from the reference sample lead to the recorder and to the rate control
unit (Redrawn after Baartz, G. and Brock, A.M., A microprocessor-controlled rate controller for use in
cryopreservation, Cryobiology, 16, 497–505, 1979.)32 
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chamber, four metal deflectors were attached to its walls at approximately equal distances from
each other. The two copper–constantan thermocouple wires enter at the base of the outer chamber
and are led over the top of the inner chamber to the reference sample. The interior of the outer
chamber is 40.5 cm by 54.5 cm high. The closed lid of the outer chamber rests close to the top of
the cylindrical inner chamber to minimize loss of N2 vapors. The refrigerant was supplied by a
liquid nitrogen cylinder pressurized to 22 psi.

The thermocouple probes were positioned diagonally so that they entered the glass bottle
containing the reference sample at the center of the cap and the tips terminated at the side of the
base of the bottle. The thermocouples were brazed to temperature-conducting thin metal rods
extending the entire length of the bottle. Placing the thermocouples diagonally against the lower
edge of the bottle serves a twofold purpose: it eliminates the chamber temperature sensor and it
records the average temperature of the cell suspension from the center to the periphery of the bottle.
The actual temperature of the reference sample is also monitored and recorded.

12.3.2 FREEZE-DRYING TECHNOLOGY AND LYOPHILIZER

Lyophilization (freeze-drying) is one of the potential ideal approaches for long-term preservation
of biological cells and tissues. Freeze-drying has some apparent advantages over the traditional
cryopreservation methods: 

1. Freeze-dried cells can be stored at room temperature for an extended period of time,
resulting in a low cost without the need for a cooling facility or liquid nitrogen. 

2. Freeze-dried cells have a low mass that can be readily shipped and transported.
3. Freeze-dried cells can be reconstituted by rehydration at the point of use, which is

convenient and important to meet increased and urgent needs of these blood cells.

Lyophilization has been successfully used in pharmaceutical protein formulations,33 as well as
in biological cells.34,35,36,37 The process, generally attributed to Rey,38 is called lyophilization because
of the porous nature of the dried product and its “lyophil” characteristic to rapidly reabsorb the
solvent and restore the substance to its original state. In its simplest form, lyophilization is defined
as a stabilizing process in which the substance is first frozen and then the quantity of the solvent
is reduced first by sublimation (primary drying) and then by desorption (secondary drying) to values
that will no longer support biological growth or chemical reactions. Lyophilization is a multistep
operation in which each step is critical.

For the preservation of a biological product, a freeze-drying operation includes38 sample prep-
aration, a freezing process, a sublimation process or primary drying, the desorption process or
secondary drying, and final treatment.

12.3.2.1 General Description of the Lyophilization Steps

12.3.2.1.1 Sample Preparation
During preparation, the sample (cells) is collected and washed with an isotonic physiological
solution (e.g., phosphate buffered saline), and then resuspended in a solution with lyoprotective
agents (LPA), which are chemicals used for preventing cells from injury during the lyophilization
process.

The biological cells or tissues may exhibit significant degradation and loss of activity during
the freeze-drying process. The lyoprotective agents are selected for different cells and tissues types.
The following are commonly used lyoprotective agents: sugars such as sucrose, trehalose, glucose;
polyhydric alcohols such as polyethylene glycol (PEG), ethylene glycol, and glycerol; polar
and aprotic solvents such as dimethyl sulphoxide (DMSO) and dimethyl formamide (DMF); and
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macromolecules and polymers such as bovine serum albumin (BSA), dextran, polyvinylpyrrolidone
(PVP), and others such as salts and amines.

12.3.2.1.2 Freezing
The next step is the freezing process, which is critical for the survival of the cells and tissues. The
goal of the freezing process is to separate the solvent from the solutes. For an aqueous system, the
water will form ice crystals, and solutes will be confined to the interstitial regions among the ice
crystals. Two main factors need to be considered — the temperature necessary to freeze completely
the cell and tissue solution (formulation), which will be dependent on the nature of the solvent and
other constituents that comprise the formulation, and the freezing rate, which is a very important
parameter in the freezing procedure. The process can be slow or rapid. In general, slow cooling
rates lead to large ice crystals, a tendency toward maximally concentrated solutes in the non-ice
phase, and may allow incompatibilities between solutes to manifest as phase separation. Higher
cooling rates tend to increase the rates of nucleation and crystal growth, promoting a finer subdi-
vision of ice and an increased ice surface area. Faster cooling rates also tend to create metastable
or nonequilibrium states, resulting in greater quantities of unfrozen water and promoting glass
formation. The various cooling procedures employed include contact with a cold surface, immersion
in a cold bath, direction of spraying into liquid nitrogen, and utilization of liquified gases. The
temperature range is also widely distributed from several degrees below zero to liquid nitrogen
temperature (–196°C). Optimal cooling conditions need to be defined to prevent cryoinjury to cells
during the freezing process. Freezing may be performed in an external freezing unit or on the
shelves of the freeze-dryer (Figure 12.23a). An example of the frozen ice-product matrix is shown
in Figure 12.23b.

12.3.2.1.3 Primary Drying
Primary drying is a process in which the water (in the state of ice crystal or glass) is removed by
the sublimation. The pressure in the freeze-dryer is reduced by the vacuum system, and heat is
applied to the sample formulation to initiate sublimation. The sublimating solvent vapors pass
through the opening in the closure, and as the sublimation of the ice crystals proceeds, the ice-gas
interface recedes through the cake (Figure 12.23c).

Completion of the primary drying process occurs when all of the ice crystals have been removed
from the formulation, and the volume occupied by the resulting cake is equivalent to that of the
frozen matrix.

12.3.2.1.4 Secondary Drying
In the secondary or final drying phase, the point is to reduce the residual moisture content in the
product as much as necessary to ensure a permanently storable state of the product. At the
completion of primary drying (Figure 12.23d), some water will still be adsorbed onto the surface
of the cake. This moisture may constitute, depending on the temperature and the nature of the
constituents composing the cake, 5–10% weight/weight of the dried product. In many cases, such
moisture values may be too high, and the final product may not have the desired stability. The
desired stability is obtained by reducing the moisture content in the product by desorbing the
moisture from the cake without reducing the volume of the interstitial cake. The final desorption
of the remaining water is usually accomplished by increasing the temperature of the product and
reducing the partial pressure of water vapor in the container.

12.3.2.1.5 Storage and Reconstitution
After lyophilization, a formulation must be protected from the environment. In most cases, the
formulation in the container is sealed by a stoppering mechanism contained in the freeze-dryer,
which depresses the closure into the container (Figure 12.23e). The stoppering of the closure into
the container temporarily protects the final product from the environment. Upon completion of the
stoppering of the containers, the product can be safely removed from the freeze-dryer, and the
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stopper can be crimped sealed with a metal or colored plastic cap to provide a permanent seal for
the product.

The final step after lyophilization is the rehydration or reconstitution process. Usually, the
sample can be rehydrated at normal temperature. In most cases, rehydration is performed by addition
of an exact amount of aqueous solution (reconstitution buffer solution) that was previously extracted
from the system during lyophilizations. Because of the highly porous structure of the freeze-dried
products, rehydration is very fast and complete.

12.3.2.2 Freeze-Drying Equipment

The following is a brief, general description of the essential components and their functions in a
freeze-dryer. The general layout of a freeze-dryer is given in Figure 12.24.

12.3.2.2.1 The Freeze-Drying Chamber
The freeze-drying chamber serves two main functions: it provides a safe environment for the product
during the entire lyophilization process and provides the necessary temperatures and pressures to
conduct each step of the lyophilization process.

The freeze-drying chamber (K), as illustrated in Figure 12.24, is a metal vessel, generally
constructed from stainless steel. The chamber door is either fabricated from metal, such as stainless
steel, or from clear plastic. Figure 12.24 shows that access to the chamber is by means of a metal

FIGURE 12.23 Lyophilization in Glass Containers. (a) shows a fill volume of a liquid formulation, denoted
by region defined by “A,” in a glass container with a lyophilization closure positioned for the drying process;
(b) the frozen ice-product matrix of the formulation is signified by the region “B”; (c) illustrates the primary
drying process, and the interstitial cake portion is denoted by region “C”; (d) shows the completion of secondary
drying; (e) illustrates the final product with the closure in its stopper position (redrawn from Thomas, A. J.,
199950).
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door (D) containing a glass viewing port (C). The door is fitted with an elastomer gasket (not
shown) to form a vacuum seal with the drying chamber.

The drying chamber contains usable shelves (I) and an unusable shelf (J). The trays (H)
containing the product, either in bulk or in glass containers, are loaded onto the usable shelves;
the unusable shelf (J) serves as a radiation shield for the top shelf. All of the shelves are of a hollow
construction that permits the serpentine flow of heat-transfer fluid. The heat-transfer fluid can be
chilled to freeze the product or heated to provide the necessary energy for the primary and secondary
drying processes.

The drying chamber also contains a pressure gauge (A) and is equipped with an insulation
covering (B) over the entire chamber surface to prevent heat transfer to the shelves (I) and the trays
(H) during the drying process.

12.3.2.2.2 The Condenser Chamber
The main function of the condenser chamber is to house the condenser surfaces for the removal
of water vapor from the gases that pass from the drying chamber. For the condenser plates to be
effective, their operating temperatures must be a minimum of 20°C lower than the product tem-
perature during the primary drying process. Unlike the shelves of the dryer, which are chilled by
a heat-transfer fluid, the condenser surfaces are generally refrigerated by direct expansion of a
refrigerant.

Figure 12.24 illustrates an external condenser system in which the condenser surfaces (G) are
housed in a separate insulated condenser chamber (E). In some dryers, the condenser surfaces are
housed in the drying chamber and are referred to as internal condensers.

12.3.2.2.3 The Vacuum Pumping System
The vacuum pumping system, in conjunction with the condenser system, provides the necessary
pressures for conducting the primary and secondary drying processes. Typical mechanical vacuum
pumps used in freeze-dryers are oil lubricated; however, oil-free mechanical pumping systems are
available. The vacuum pump (F) as shown in Figure 12.24 compresses the noncondensable gases
that pass through the condenser chamber (E) and discharges these gases directly into the atmosphere.

FIGURE 12.24 A general layout of a freeze-drying machine (redrawn from Thomas, A. J., 199950).
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12.3.3 UNIFORM AND RAPID ELECTROMAGNETIC (EM) HEATING

As mentioned, the lethal factors induced from the cooling and warming processes cause the major
cryoinjury to cells during cryopreservation.7,8 Both cooling and warming rates are critical to the
survival of cryopreserved cells or organs.39 In order to prevent cell damage during the cooling
process, vitrification — the absence of any ice in intra- and extracellular solutions — has been
proposed as a feasible method.40 If cells and tissues can survive cooling to low temperatures, they
still have to face challenges caused by warming and thawing. Currently, most cryopreserved cells
and tissues are warmed by the conventional heat-convection method (e.g., warming in a hot gas or
stirred liquid bath at room temperatures). Due to the low thermal conductivity and high specific
heat of biological materials, this convective warming regime can only make a slow and nonuniform
heating process (especially for the relatively large cell suspensions or tissues), which causes lethal
intracellular ice-recrystallization, devitrification, and thermal stress and fracture in the samples and
tissues. A rapid and uniform heating is desired for the optimal warming to prevent cell and tissue
damage. Electromagnetic (EM) heating, in which heat is generated volumetrically,41 seems to be
one practical approach to reach both rapid and uniform heating. However, the microwave (multi-
mode) heating currently used in residential and industrial applications is causing “hot spots” in the
heating materials in an uncontrolled fashion, and hence cannot be directly applied to heat-cryopre-
served biomaterials. The single-mode microwave technology has proven useful to control and ensure
a rapid and uniform heating.

The early report of Guttman et al.,42 using EM to rewarm cryopreserved organs,  has shown
some success in thawing canine kidneys in a microwave oven, which works at frequency of 2450
MHz. However, their results could not be repeated by Pegg et al.43 The major problem of using
this frequency is that the penetration depth is not large enough to produce a uniform heating pattern.
EM waves at lower frequencies can penetrate more deeply. Ruggera and Fahy44 reported using a
resonant helical coil applicator operating at 20–30 MHz to heat a frozen cryoprotectant solution
rapidly and uniformly. Rachman et al.45 introduced a UHF (ultra-high frequency) rewarming system,
which was used to investigate the warming rate and uniformity of a rabbit kidney phantom. They
designed a cylindrical resonant cavity, which can be excited in the TE111 and TM010 modes at
about 434 MHz. A variable frequency synthesized source was applied to track the change of resonant
frequency during heating. Some preliminary results of the warming rate and temperature field in
the phantom were presented. Robinson et al. further developed the single mode EM heating
system.46 In their study, three fundamental modes of a cylindrical cavity are excited to provide an
electric field at the center. The frequencies used are 432, 434, and 438 MHz. Maximum warming
rates achieved were over 10°C/second (600°C/minute), and the final spatial temperature differences
in the sample were less than 20°C.

A brief introduction of microwave heating theory will be described in this chapter, followed
by a discussion of the importance of dielectric properties of biomaterial in the design of an EM
warming system. Finally, a typical design of a microwave rewarming system will be presented.

12.3.3.1 Microwave Heating Theory

Water is a major component of cells, typically forming between 70 and 95 percent of the mass of
the cell. The water molecule is a polar molecule, which means it has one positively charged side
and one negatively charged side. If a water molecule is placed in an electric field, it will tend to
align itself along the direction of the external fields. The microwave is a form of electromagnetic
radiation, which means it has oscillating magnetic and electric fields. The changing electric field
of the microwave radiation causes the water molecules to rotate. As the electric field in the wave
alternates rapidly, the water molecules vibrate back and forth in an attempt to follow the changing
electric field. This will create frictions between molecules and cause the heat generation.
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The electrical behavior of materials subjected to an electromagnetic field is characterized by
the following parameters: permittivity (ε), permeability (µ), and conductivity (σe). Permittivity
describes the interaction of the material with an electric field, and permeability describes the
interaction with the magnetic field. The electric conductivity is related to the permittivity and
characterizes free-electron conductive properties. Since biological materials are usually nonmag-
netic material with low conductivity; they may be characterized in terms of permittivity, which is
composed of a real part (ε′, dielectric constant) and an imaginary part (ε″, dielectric loss factor):

ε = ε′ – jε″ (12.27)

while

j = 

or

ε = ε0(εr′ – jεeff″) (12.28)

While ε0 is the permittivity of free space, εr′ is the relative dielectric constant, and εeff″ is the
effective relative dielectric loss factor.

Dielectric constant is considered the material’s capability for storing energy when exposed to
an electric field, whereas dielectric loss factor is seen as the capability of a material for dissipating
energy in the form of heat. When a biological tissue is subject to an EM field, the local volumetric
heating rate or the density of microwave power deposition Φ is given by

Φ = ωε0εeff″|E|2 (12.29)

in which E is the electric field strength, which can vary significantly with position.
The heat transfer equation within the biomaterial subjected to EM heating is given by

(12.30)

in which T is the temperature, ρ is the density, C is the specific heat capacity, and k is the thermal
conductivity. For rapid warming, the second term in this equation may be ignored since Φ >> k∇2T,
so the warming rate can be estimated by

(12.31)

12.3.3.2 Dielectric Properties of Biomaterials

Dielectric properties of biological materials are important for the results of EM warming. Conven-
tional techniques of measuring dielectric properties of materials have been applied to biological
materials. Open-ended coaxial probe (OECP) methods have been used for noninvasive measure-
ments of the complex permittivity of cryoprotectant agents at different frequencies over a wide
temperature range.47,48 Typically, in this method, a system that employs a signal source, reflecto-
metery, and a network analyzer are utilized. The network analyzer measures complex impedance
of the terminal probe. These data are used to compute the dielectric properties of the material.

1–

ρC
dT

dt
k T= + ∇Φ 2

B
dT

dt C
= ≈ Φ

ρ
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The resonant cavity perturbation method has long been used for dielectric properties measure-
ments. Robinson et al. applied this method to the determination of dielectric properties of bioma-
terials.46,51 It has been shown that when a workpiece is placed at the center of the resonant cavity,
the changes of resonant frequency fr and quality factor Q of the cavity are related to the relative
permittivity εr and conductivity σ of the workpiece. The following equations can be written46 as

(12.32)

(12.33)

in which f0 and Q0 are the resonant frequency and quality factor of the empty resonant cavity, and
k1 and k2 are constants, which can be determined by suing several reference liquids with known
dielectric properties (εr and σ). Once k1 and k2 are determined, the dielectric properties of the
workpiece can be obtained by the following equations:

(12.34)

(12.35)

12.3.3.3 Design of EM Warming System

Many factors must be considered for successful EM thawing of cryopreserved tissues. In addition
to dielectric properties of preserved biomaterials, frequency and the input power level control
method must also be taken into account. Robinson et al. developed an EM warming system based
on a resonant cavity, and very good thawing results have been achieved.46 The maximum warming
rates are over 10°C/second, and the final spatial temperature differences are less than 20°C.

Figure 12.25 illustrates the major components of an EM heating system. It can be divided into
four subsystems: a microwave subsystem, a cavity subsystem, a thermal subsystem, and a cooling
subsystem.

A microwave subsystem provides microwave power, which is finally delivered to the cavity.
As shown in Figure 12.25, the power source consists of a RF signal generator and a power amplifier.
The signal generator provides the required EM wave, which is then amplified by a solid state power
amplifier. The frequency of the generator is set to a resonant value according to the dimension of
the cavity and the required EM mode. Transmitted and reflected powers are obtained from a power
meter on the directional coupler between the power amplifier and the cavity. A dry dummy load
is connected to the coupler as a safeguard to the system.

In cavity and cooling subsystems, a rectangular or circular resonant cavity (commonly made
of copper or aluminum) can be used as the applicator. The dimension of the cavity is determined
from the required EM mode and the frequency of the input microwave.

The thermal subsystem mainly consists of temperature sensors, which are used to measure the
temperature profiles in the sample during warming process. Thermal couples may not be used here
for the influence of electromagnetic field. Usually fluoroptic and fiber-optical thermometers can be
used to measure temperature changes. Several thermometers are used to monitor the temperature
change at different locations inside the sample.
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12.4 SUMMARY

This chapter has introduced some of the useful thermal instruments used in cryobiology research
and applications with a brief review of their principles and potential applications. Cryobiology
research and applications are highly engaged with growing science and technology. More and more
researchers and scientists have joined the cryobiology research field, and it is impossible to cover
all the works relating to the subject in this chapter due to the limitation of the contents and our
knowledge. It is our sincere hope that this chapter will provide our reader with the information
required.
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13.1 INTRODUCTION

 

Since the advent of transplantation science, cryopreservation has been recognized as a highly
desirable method for facilitating the availability of the highest quality material. This goal has been
achieved in some cellular systems, but extrapolation to organized tissues and organs is fraught with
additional problems that are only recently being addressed. Application of the principles of cryo-
biology to the growing needs of the emerging tissue-engineering field has produced a need for
greater understanding of the fundamentals of low-temperature preservation as they apply to three-
dimensional multicellular tissues. Extrapolation of recent advances in the vitrification (glass for-
mation) of tissues to scaled-up specimens of clinical relevance cannot be achieved easily by
empirical approaches, partly due to the frequent formation of fractures at various levels. An
understanding of this potentially destructive outcome of thermo-mechanical stresses, which is
inherent in the cryopreservation of complex biological systems, is crucial for the development of
improved methods of cryogenic storage. Similar devastating effects are evident from cryopreser-
vation applications in the food industry, agriculture, and from the clinical application of cryosurgery.
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The presence of fractures has been evident since the first efforts to freeze biological materials.
Research to observe fractures and possibly eliminate their formation has been primarily empirical.
This will not, however, lead to the level of control that effective commercialization of cryopreser-
vation requires. In order to reduce the likelihood of fracturing, one should aim to predict the
likelihood of fracture in future cases, which could involve a variety of cryogenic conditions – not
merely explain cases that are presently observable. The long-term goal must be to develop the
knowledge to prescribe a cryopreservation protocol for a specific tissue type and shape that will
not lead to fracturing before any experiments are conducted to preserve that tissue. Unfortunately,
there are a vast number of tissue types, shapes, cryoprotectants, and cooling protocols, and there
is a low probability of observing the presence or absence of fracture in some cases and, based on
that, interpolating or extrapolating to predict the likelihood of fracturing in other cases . Thus,
success demands an approach typical of engineering: to discover the mechanisms by which fracture
occurs, to represent those mechanisms with mathematical models, and then to make predictions
for cases of interest by solving the mathematical model for that case.

Beyond reviewing earlier empirical observations of fracture, this chapter focuses on research
efforts that support the mechanistic approach of mathematically predicting the tendency for fracture.
Such an approach draws on the methods developed to address fracture and mechanical failure of
engineering materials, including both experimental methods for measuring material properties of
interest and methods of mathematical formulation and analysis. To be relevant to cryopreservation,
both experimental methods and mathematical formulations need to be modified and applied to
frozen tissues.

Section 2 of this chapter addresses the physical quantities and properties that are known to be
relevant to the fracture of engineering materials and necessary to predict fracture in tissues. This
section explains relevant terminology in a way that is accessible to the nonengineer. Next, Section
13.1 reviews observations of cracking in cryobiology. Following this, the prime material properties
governing fracture, namely thermal expansion and the stress-strain response, are addressed in
Sections 13.2 and 13.3. Finally, Section 13.4 reviews efforts to use such properties to formulate
and solve mathematical models for fracture formation.

 

13.2 ENGINEERING CONCEPTS

 

In this section, we seek to acquaint the reader with a number of relevant ideas from solid mechanics.
With solid mechanics, we have a single set of concepts with which to describe the deformation
and tendency for fracture in virtually all solid materials.

 

1

 

 In fact, this set of concepts can be
generalized to encompass both solid and fluid substances. This generalization becomes necessary
when one treats materials that vitrify upon cooling. Except for a few comments, however, we will
focus on  the deformation of solid materials. Moreover, the ideas of solid mechanics are conveyed
with minimal mathematical formalism.

The focus on solid substances here is based on cryobiology’s interest in tissues that are cooled
substantially below room temperature. Whereas bone is clearly solid at room temperature, most
soft tissues are difficult to categorize as solid or fluid under this condition; even apparent fluids
such as blood are not pure simple fluids, as they contain deforming solid blood cells. Some of
these tissues might recover some of their original shape after deformation, which is a typical solid
property; however, when soft tissues are frozen, they can become much more solid, just like ice.
Hence, it is typical to refer to the unfrozen region as fluid-like, particularly in circumstances of
crystallization, in which there is a rapid transition to a much stiffer solid state. This means that the
unfrozen material cannot sustain stresses; it is noted that fluids can sustain stresses but at a high
flow rate that are irrelevant to cryopreservation or cryosurgery. So, for the present purposes, a
crystallized or solidified phase with stress, as well as an unfrozen, fluid-like phase with no stress,
can exist. This view ceases to be acceptable in the case of vitrification, in which the material
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gradually transitions from being fluid-like to solid-like over a large temperature range. 

 

Actually,
the viscosity rises continuously with cooling, from low viscosity values at which the material is
fluid-like to high viscosity values at which the material is solid-like.
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Balancing forces that are applied to materials produce stress. One familiar example of balancing
forces is pressurization. Pressurization occurs when a chunk of material of fixed mass is placed in
a chamber, and the pressure in the surrounding air in the container is raised (the resulting stress-
state is referred to as “hydrostatic pressure”). The forces press on the material equally in all
directions. A second example is when an elongated, slender chunk of material (a wire, for example)
is pulled in tension (the resulting stress-state is referred to as “uniaxial tension”). 

 

In the simple
examples considered here the forces are transmitted equally to every element within the body.

 

Engineers depict these internal forces by drawing a cube from within the material with the
forces exerted upon it by its neighbors. The forces of hydrostatic pressure act inwardly, exerting
pressure on all faces of the cube (Figure 13.1(a)); in the case of uniaxial tension, the forces act
outwardly on only two opposite faces, pulling the cube apart (Figure 13.1(b)). The pressure is
hydrostatic because it acts equally in all directions (on all faces); the tension is uniaxial because
it acts in only one direction. When forces are applied to bodies in more complex ways, the forces
on the different faces of a cube can have different values.

The effect of the internal forces is dependent on the area over which they act. The same tension
applied to two wires of different diameters will have a more severe effect on the wire with the
smaller diameter; thus, when deformation or fracture is a concern, it is not force, but force acting
per unit area, or stress (

 

σ

 

), which is of interest. We measure stress or pressure in Pascals (Newtons
per square meter) or psi (pounds per square inch); 101,325 Pascals, or 14.7 psi, equals one standard
atmosphere of pressure (Atm).

If a fluid remains stationary, the only stress state it can withstand is hydrostatic pressure; thus,
the unfrozen, fluid-like tissue phase can withstand hydrostatic stress but not other stress states.
While hydrostatic pressure reduces the size of a cube, the shape is preserved. By contrast, uniaxial
tension distorts the shape of the cube, making it longer in some directions and shorter in others.
A different combination of forces on the cube surfaces leads to “shear stresses,” which act tangen-
tially on surfaces rather than perpendicularly (Figure 13.1(c)). Shear stresses produce a distortion
similar to the upper cards in a deck of cards sliding relative to the lower cards. Stresses that distort
the shape of a cube are collectively termed deviatoric stresses; a general set of stresses on the cube
can always be decomposed in a hydrostatic part and a deviatoric part. 

 

FIGURE 13.1

 

Imaginary elemental cubes taken from within a stressed body, displaying forces exerted by
neighboring elements, for different states of stress: (a) hydrostatic pressure, (b) uniaxial tension, and (c) pure
shear.

(c)(b)(a)
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When forces are applied to a material, they change its shape and size. The strain — the ratio of
elongation to initial length — is a relative measurement, or percentage, and therefore has no units.
If tension is applied to an artery, for example, not only does it lengthen, but also its diameter
decreases. We say that the axial strain (along the length) is tensile or positive, whereas the
corresponding transverse strain (along the diameter) is compressive or negative. Engineers often
need to track the strains in different directions; they do so by envisioning the change in shape of
a small region within a body, which is initially cubic prior to the application of forces. In general,
when forces are applied to the body, the cube lengthens or shortens along the edges (these are
called “normal strains”); the edges, which were originally perpendicular, may no longer be per-
pendicular (these are called “shear strains,” and are quantified according to the change in the angle
of edge

 

s).

 

The simple case of hydrostatic pressure produces a change in size, but not in shape: the cube
remains a cube, just slightly smaller. This slightly smaller volume occupied by the same mass is
also recognized as an increase in density. The water at the bottom of a stagnant pool, where the
pressure is slightly above atmospheric has a slightly greater density  than the water at the top. In
the context of cryobiology, it has been hypothesized (with no experimental evidence) that merely
hydrostatic pressure is not lethal, at least until some hydrostatic pressure threshold measured in
hundreds of Atms. One can justify this hypothesis based on the idea that the material may shrink
under hydrostatic pressure, but its shape remains unchanged. As discussed, uniaxial tension and
shear stress, or any deviatoric stress, produce shape changes.
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The relation between the pressure and density, which is associated with the material compressibility,
must be generalized to cases in which the stress is not hydrostatic and the strains correspond to
changes in shape as well as size. This is referred to as the stress-strain relation. The relation between
stress and strain can be complicated or simple depending on the material and on the stress level.

The strain and stress are proportional to one another for nearly all solid materials (including
frozen biomaterials) subjected to sufficiently small stresses; this is termed “linear elastic behavior.”
In other words, if the tension on an elastic wire is doubled, the strain of the wire is doubled. The
proportionality between the stress and the strain is referred to as the “Young’s modulus” or “elastic
modulus,” (E):

 

σ

 

 

 

=

 

 E

 

ε

 

(13.1)

in which 

 

σ

 

 is the stress and 

 

ε

 

 is the strain. Indeed, the Young’s modulus is often measured by
applying tension to a slender body and measuring the changes in length. This modulus, together
with another measured property related to the transverse contraction under axial tension, can be
used to relate the stress and strain in stress states more complex than uniaxial tension and hydrostatic
pressure.

A material is elastic whenever it regains its initial shape immediately after the forces on it are
removed. Generally, the linear elastic behavior described in Equation 13.1 is a special case of
elasticity behavior; however, nonlinear forms of elasticity are not of interest in cryobiology. When
the stresses become excessive, any material will either cease to be linearly elastic or will fracture.
In this chapter, we discuss only one type of departure from linear elastic behavior: plasticity. A
plastically deformed material does not return to initial shape. A common experience with this
phenomenon is the case of a steel paper clip. If the clip is bent a small amount, it deforms elastically,
but if there is sufficient bending, the deformation becomes permanent or plastic. Plastic deformations
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indicate changes in the internal structure of the material. In the context of cryobiology, these
deformations may damage single cells as well as the extracellular matrix.

The deformation begins to become permanent when the stress reaches a critical value, termed
the “yield stress.” Elastic deformations are generally associated with small, reversible departures
of the atoms about their equilibrium positions. The macroscopic origins of plastic deformation vary
greatly depending on the material. Plasticity in metals is commonly associated with “dislocations,”
the motion of defects in the crystalline structure. An example of plastic deformation in a frozen
tissue, subjected to axial compression, is given in Section 13.3.3 of this chapter. In that case,
subsequent examination showed that the plastic deformation was brought on by small scale cracking
— again deformation beyond that associated with small, reversible departures of the atoms about
their equilibrium position

 

s.

 

Fracture, or cracking, is a phenomenon more familiar in the case of tensile stresses. The precise
conditions for the formation of fractures are not well understood, although they are typically
associated with tensile stresses exceeding some critical value. For some materials, the material will
fail suddenly at some stress level without prior plastic deformations; the fracture stress of such
“brittle” materials is defined as the value of stress at which cracking occurred. This is often an
imprecise procedure, because local imperfections in the material can cause the stresses to be higher
than the nominal estimate based on the force divided by the area, particularly in materials prone
to failure without plastic deformation. In addition to using a critical tensile stress (which is found
empirically) to predict fracture, there is a second approach referred to as “fracture mechanics,”
which focuses on the conditions of stress under which a preexisting crack (usually of substantial
length) will extend. Fracture mechanics requires even more complex empirical testing.
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Changes in temperature bring about very modest changes in the elastic modulus and more significant
changes in the yield stress (at least in the case of metals, for which material properties are far more
available than in the case of frozen tissues). The tensile stress at which cracking occurs in a brittle
material does not seem to be particularly sensitive to temperature; however, the effect of temperature
on mass density is critical to the development of stresses. Except for the anomalous behavior of
aqueous solutions around the freezing point, raising the temperature lowers the density of sub-
stances. This is also referred to as “thermal expansion” because a given amount of material occupies
a larger volume as the temperature increases. When a given material occupies a different volume,
it is defined as “strain”; when strain results from thermal expansion, it is referred to as “thermal
strain.” Section 3.2 presents measurements of thermal strain as a function of temperature and the
coefficient of thermal expansion, which is the rate of change of thermal strain with temperature

 

.

 

When temperature changes induce thermal strains, it is customary to designate the strains
brought about by stresses as elastic strains (assuming the deformation is elastic and not plastic or
something else). Elastic strains are due to the application of forces or equivalently stresses, and
thermal strains are due to changes in temperature. These strains are additive in the sense that a
temperature increase causes the same amount of elongation, regardless of the magnitude of stress
present; the thermal expansion is in addition to any elongation caused by the stress. This assumption
of additivity, which is borne out by experiments, is critical to all efforts to predict cracking induced
by temperature changes.

But why do temperature changes cause cracking? Cracking requires stress, but the direct effect
of temperature changes is thermal strains, not stresses. Temperature changes indirectly cause stresses
only if their thermal strains are prevented from occurring. A simple example is when a blood vessel
to be cryopreserved is fixed at its two ends to a stiff metal frame, which prevents relative motion
at both ends. Lower the temperature and the blood vessel at this lower temperature would prefer
to be shorter. The metal frame, however, contracts less as the temperature is decreased because the
thermal expansion of metals is about one fifth of that of ice. The difference in tendency to contract
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causes tensile stress in the blood vessel, which negates some of the tissue’s thermal strain, making
the tissue’s net contraction equal to that of the frame. At the same time, the contracting blood vessel
exerts forces on the metal frame, although these forces have negligible effect on the deformation
of the frame, presuming it is much stiffer

 

.

 

Thus, thermal strains on their own (caused by temperature changes) have no detrimental effect
on the tissue. Rather, when thermal strains are impeded and elastic strains and stresses result,
damage can occur. The damage due to these stresses is the same as if the stresses were produced
by directly applying forces at constant temperature. This justified the study of Rabin et al.

 

2,3

 

 in
which the effect of thermally induced stresses were simulated by applying external compressive
loads to frozen tissues at cryogenic temperatures. (See Section 13.3.3 for results and discussion.)

Of course, those who cryopreserve have learned not to restrain the tissue from moving during
cryopreservation; yet, the opportunities for stress are still present under most practical scenarios
for cooling tissue. Because a finite amount of time is necessary for heat to flow from the core of
a tissue specimen to its surface, the temperatures at the inside will be higher than the temperatures
outside during cooling. Temperature differences, which tend to be greater when the cooling rate is
higher, cause thermal strains, which vary inside the specimen. A general spatial distribution of
thermal strains corresponds to either overlap or separation of material that cannot occur physically.
Thus, like restraints, such spatial variation in the thermal strain also gives rise to elastic strains as
well as stresses.

The previous discussion is sufficient for understanding stress development when a material
crystallizes (solidifies) within a relatively narrow temperature range, which is typical of freezing
of biological solutions. However, additional concepts are necessary to understand the case of
vitrifying tissues. In that case, stresses can produce other strains — viscous or fluid-like — in
addition to elastic strains. The relation between stress and the viscous strains is related to viscosity,
which increases over many orders of magnitude as the temperature decreases from room temperature
to the glass transition temperature. Still, the same concept continues to hold: spatially varying
thermal strains cannot exist alone; they induce additional strains and stresses, which could cause
fracture. However, in the case of vitrifying tissues, the relations between the additional strains and
the stresses are no longer elastic, but much more complex

 

.

 

13.3 EXPERIMENTAL INVESTIGATIONS

13.3.1 P

 

HENOMENOLOGICAL

 

 S

 

TUDIES

 

Fracture formation can be classified with respect to the typical length of fracture. In the context of
this chapter, the term “macro-fractures” is used to classify cases with fractures of the same size of
the specimen itself, for example, the fractures developed in an ice cube in a soft drink cup. The
term “micro-fractures” is used to classify cases with fracture orders smaller than the specimen
itself, for example, fractures across a blood vessel in an organ

 

.

 

13.3.1.1 Macro-Fractures

 

Following Luyet and Gehenio’s prediction

 

4

 

 that vitrification would ultimately be successfully
applied to cryopreservation, Kroener and Luyet

 

5

 

 studied the formation of cracks during vitrification
of glycerol solutions in 10 m vials and the disappearance of cracking during rewarming. In their
short report, Kroener and Luyet

 

5

 

 speculated on the conditions under which fractures are likely to
occur but did not explain the reason for fracturing. Following a similar line of research, Fahy et
al.

 

6

 

 studied the formation of fractures in propylene glycol solution and in much larger containers
of up to 1.5 liter. Fahy et al. compared fracturing events with differential scanning calorimetry
(DSC) and thermal histories in an effort to identify problems in the vitrification of large samples.
They speculated that fractures can be prevented in large vitrifying systems, if carefully handled.
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Fahy, et al. performed their experiments on homogenous solutions; however, additional solid
mechanics effects are associated with an inhomogeneous domain, for example an immersed tissue
specimen in a container filled with a cryoprotectant. These effects pertain to stress concentrations
due to geometric irregularities in the vitrifying domain or in tissue itself, which is a composite
material.

 

 

 

Blood vessels have received a great deal of attention with respect to macro-fracture formation
in the context of cryopreservation. Pegg at al.

 

7

 

 performed an empirical investigation seeking the
conditions under which macro-fractures occur in vascular tissues during cryopreservation and
developed a protocol that prevents fracturing. In this study, the common carotid artery of the rabbit
was subjected to a cryopreservation protocol that was optimized for retention of 

 

in vitro

 

 function
and cytological structure. It involved a stepwise addition and subsequent removal of DMSO using
a protocol that avoids osmotic injury and minimizes osmotic action. With controlled cooling,
specimens were stored at –180

 

°

 

C and rewarmed rapidly. With an initial fracturing rate of 75 percent
of all specimens, the cooling and rewarming conditions were systematically varied to determine
when the fractures occurred in the cooling/storage/warming process. They found that fractures
occurred as the temperature range of –150

 

°

 

C to –120

 

°

 

C was traversed during the rewarming phase.
Note that the so-called eutectic glass transition temperature of DMSO solution is around –123

 

°

 

C,
and some abnormal behavior of thermal expansion is expected upon glass transition.

 

8

 

 Pegg et al.

 

7

 

succeeded in preventing fracturing when the warming rate in the temperature range of –180

 

°

 

C
(storage temperature) and –100

 

°

 

C was reduced to less than 50

 

°

 

C/min. Subsequent rapid warming
was carried out in a water bath set to 37

 

°

 

C.
In order to prevent fracturing during vitrification, it is widely accepted today that a two step

cooling protocol is required, with rapid cooling down to about 30

 

°

 

C above the glass transition
temperature, a low cooling rate down to the storage temperature, and a storage temperature of a
few degrees above the glass transition temperature. It is also widely accepted that a two step
warming protocol is required, with a slow warming rate up to about 30

 

°

 

C above the glass transition
temperature, followed by rapid warming.

 

9,10,11

 

 The reasons are likely to be related to the ability of
the material to relax stresses more readily in temperatures farther from the glass transition when
the viscosity is low, hence, the tolerance for the higher temperature gradients that come with rapid
cooling rates.

 

13.3.1.2 Micro-Fractures

 

Structural damage at the cellular level can be triggered by either localized stress driven by, for
example, crystal growth, or by macroscopic stresses, driven by the cumulative effect of constrained
thermal contraction, but which are further raised by local microstructural inhomogeneities.

Cryomicroscopy is frequently used to study the effects of crystal formation at the cellular level.
Cryomicroscopy applications have been reported for more than four decades, based on two major
temperature controlling techniques: (i) by time-control of a cryostage possessing a uniform tem-
perature distribution

 

12,13,14

 

 and (ii) by sliding a sample carrying microslide between two temperature-
controlled bases at a controlled velocity (also known as a “directional solidification stage”).

 

15,16,17

 

Crystal formation may trigger several injury sequences, which are customarily classified with
respect to the initial site of ice crystal nucleation: intracellular freezing, which is associated with
the thermodynamic effect of super cooling, or extracellular freezing, which is associated with the
“solution effect.” This classification has been proposed by Mazur et al

 

18

 

 and is widely known as
“the two-factor hypothesis of freezing injury.” The cryobiology literature is filled with alternative
explanations for this hypothesis and supportive experimental observations. Explanations are mostly
related to electro-chemical forces across the cell membrane, membrane properties, toxicity effects,
DNA rupture, and membrane shrinkage; however, the mechanical stress effects of ice formation
on single cells are not widely appreciated. On a directional solidification stage, Rubinsky and
Ikeda

 

17

 

 demonstrated that single cells may be trapped between ice dendrites extending from the
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freezing front. Rubinsky and Ikeda suggested that, as the freezing front progresses and the dendrites
thicken, significant shear stresses may be exerted on the cell membrane, leading eventually to cell
death. Using a directional solidification stage, Ishiguro and Rubinsky

 

19

 

 further studied the mechan-
ical interaction between ice crystals and red blood cells. Rubinsky and his coworkers conducted
their studies on cell suspensions and not on a cellular matrix, in which additional intracellular
forces are expected to take place.

Thom and Matthes

 

20

 

  developed a cryomicroscopy technique to study the deformation of the
cell membrane at low temperatures. Thom

 

21

 

 further studied the elastic deformability of the eryth-
rocyte membrane. However, standard measurement techniques of mechanical stresses at the cellular
level are not yet available, even with recent developments in micro electro-mechanical systems
(MEMS). It appears obvious that the formation of crystals, especially with sharp, moving edges,
can be quite devastating to the cell membrane. There may be a need for more quantitative studies
of solid mechanics effects at the cellular level in order to fully understand the cell death process.

 

13.3.1.3 Freeze-Dry Fractures

 

Freeze-drying is the process of dehydration of biomaterials in two steps: freezing and drying
under vacuum conditions. In this process, the frozen solution undergoes sublimation, changing
phase directly from solid to gas, without passing through a liquid phase. In addition, the
biomaterial structure has the potential of maintaining its original size and shape with minimal
cell rupture. In the course of freeze-drying experiments on aqueous solutions of various sub-
stances that had been frozen rapidly to form spherulites, Menz and Luyet

 

22

 

 observed that the
freeze-dried material may fracture in various ways. Menz and Luyet conducted a study to describe
the patterns of the fracture lines, to examine the conditions under which cracking occurs, and
to investigate the significance of this phenomenon in the context of freeze-drying. This study
was performed on 35 percent solution of bovine albumin and 30 percent solutions of gelatin,
sucrose, dextrose, and polyvinyl pyrrolidone (PVP). In their study, Menz and Luyet immersed
the specimen in a –60ºC isopentane bath and dried the ice at –40ºC in vacuum conditions. They
found that fracturing occurred during the drying phase only, while freezing alone did not create
any fracturing in these particular conditions. Compared with the other tested solutions, the PVP
solution showed only minor fracturing, whereas the gelatin solution was found free of fractures.
Microscopic examination revealed that, regardless of the actual fracture shape, fractures develop
most frequently at the center of the spherulites, radiating outwards. Another frequent fracture
site is the point at which three adjacent spherulites meet, which may lead to complete separation
between adjacent spherulites. Figure 13.2 includes photos of fractured spherulites in a freeze-
dried albumin film. Thicker samples tended to form more complex fracture systems. Menz and
Luyet speculated on the causes for fracturing during their diagnostic study, but did not support
their speculations with a solid mechanics analysis.

 

13.3.1.4 Fracture Formation during Cryosurgery

 

Fracture formation also has a significant effect in the context of cryosurgery, in which the objective
in cryosurgery is controlled destruction of biological tissues by freezing. Although counterintuitive,
the devastating effect of fracture formation during cryosurgery is not a favorable outcome of the
procedure; fracture formation during cryosurgery may cause damage to the vascular system, leading
to excessive bleeding. Damage to major blood vessels in the vicinity of the cryosurgery site may
also produce an indirect effect on distant regions. Fracture formation may damage other body
passageways, such as bile ducts in liver cryosurgery or the urethra in prostate cryosurgery, which
can lead to postcryosurgery complications. The effect of fracture formation during cryosurgery has
been overlooked for many decades. The authors of this chapter speculate that fractures were
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frequently misidentified as merely tearing due to mishandling of histological preparations rather
than as the result of real mechanical effects.

In order to study the effects of fracture formation during cryosurgery and as a part of a larger
project to study the mechanical response of tissues in cryogenic temperatures,

 

2

 

 Rabin et al. 

 

3

 

investigated the response of frozen cylindrical samples of tissues to compressive stresses. Histo-
logical observations indicated that linear fractures, which appear to have no preferred orientation,
develop due to mechanical stresses in excess of the level at which deformations become permanent
(Figure 13.3). These fractures accumulate until final failure of the frozen tissue, during which the
tissue sample collapses to rubble. An interaction between fracture formation and irregularities in
the frozen medium was suggested based on histological observations and concepts from solid
mechanics. Blood vessels and bile ducts are significant sources for such irregularities in a tissue
as homogeneous as the liver. These irregularities may lead to initiation of fractures or, on the other
hand, may arrest fracture propagation (Figure 13.4).

 

FIGURE 13.2

 

Photographs of fractured spherulites in freeze-dried albumin. Photo 2 was taken through
polarized light. Magnifications: (1) 300X, (2) 55X, (3) 45X, (4) 45X, (5) 200X, (6) 300X, (7) 45X, (8) 45X,
(9) 20X. (Reprinted from Menz and Luyet, 1965.
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FIGURE 13.3

 

High power magnification of a macro fracture in rabbit liver specimen. The large empty spaces
between cells along the cracks indicate loss of cells, integrity and retention of the intracellular solution after
the formation of the adjacent crack and the subsequent thawing. (Rabin, Y. et al., Gross damage accumulation
in frozen rabbit liver due to mechanical stress at cryogenic temperatures. 

 

Cryobiology

 

, 34, 394–405, 1997.
With permission from Elsevier.)

 

FIGURE 13.4

 

Crack (C) in a rabbit liver specimen, formed in the vicinity of a major blood vessel (MV),
which represents a substantial irregularity in the frozen medium. Cracks or damage in materials tend to initiate
in regions of inhomogeneity, where the stresses tend to be higher. Such irregularities may also arrest the
propagating crack. Cracks and blood vessels can be easily distinguished: the crack surfaces consist of fractured
cells, while the blood vessels’ walls are smooth and darker. (Rabin, Y. et al., Gross damage accumulation in
frozen rabbit liver due to mechanical stress at cryogenic temperatures. 

 

Cryobiology

 

, 34, 394–405, 1997. With
permission from Elsevier.)
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13.3.2.1 Crystallization

 

At least nine different solid phases of ice are known to exist.

 

23

 

 Some phases can be formed by
cooling of liquid water at different pressures, whereas the path to other phases is achieved either
by changing the pressure or the temperature of other phases of ice. The freezing temperature of
pure water starts at 0ºC at 1 Atm and decreases linearly with the increase in pressure, down to
–20ºC at 1700 Atm. Then, the freezing temperature increases almost linearly up to 100ºC at the
enormous pressure of 23,000 Atm. The freezing temperature continues to increase up to at least
440

 

°

 

C at hydrostatic pressures of the order of 200,000 Atm.

 

24

 

 This effect has been well appreciated
in the context of cryobiology, at least up to mildly elevated pressures of 1000 Atm,

 

25

 

 but its
application is not used in cryobiology today. Ice I is the ice phase likely to form when cooling
water from normal room temperature and pressure down to the liquid nitrogen boiling temperature
(–196ºC). Ice I is likely to form when room pressure is elevated up to ~1700 Atm. Hence, ice I is
the relevant phase of ice for current cryobiology applications.

A dramatic effect of volume change is associated with crystal formation during water freezing.
At standard conditions, pure water expands by 9.05 percent by volume upon crystallization. This
dramatic volume increase is an abnormal phenomenon specific to water.

 

26

 

 The fact that liquid water
is denser (“heavier”) than ice is one of the most significant life-supporting phenomena on earth,
protecting deep oceans from eternal freezing. In comparison, when mechanically free to contract,
ice shrinks by about 2 percent when cooled in the solid state from 0ºC to –196

 

°

 

C. Clearly, by
virtue of their different magnitudes, the effect of volume changes upon crystallization overwhelms
other thermal expansion effects when they coexist.

 

2

 

Literature data indicates a variation of up 2 percent in thermal expansion along distinct direc-
tions in a single ice crystal.

 

27,28,23

 

 In a different study,

 

29

 

 the thermal expansion of single ice crystals
was found to differ by up to 10 in comparison with polycrystalline samples of pure water, in the
temperature range of –196°C to 0°C. Fukusako presented a summary of thermal expansion of pure
water ice, snow, and sea ice,

 

30

 

 with the outstanding observation that, despite its high solute
concentration, the thermal expansion of sea ice is similar to that of pure water ice. For engineering
applications, the thermal expansion of pure water can be conveniently approximated as a linear
function between the values of 9 

 

× 

 

10

 

–6

 

 °C

 

–1

 

 at –196ºC, and 53 

 

× 

 

10–6 ºC–1 at 0ºC.30 Table 13.1
presents a summary of thermal expansion data of ice and various biological tissues. 

It should be pointed out, however, that volume expansion does not always lead to mechanical
stresses. For example, in a freezing process around a single cryosurgical probe, which can be
categorized as an outwards freezing problem, the volume expansion upon solidification is not
expected to contribute to mechanical stress; rather, the newly solidified material merely “pushes
away” the unfrozen surrounding material. In such cases (reflective of a single probe cryosurgery),
the spatially varying thermal expansion (or contraction) within the frozen region is the driving
mechanism for mechanical stresses. By contrast, in an inwards freezing problem with, for example,
an ice cube, the large volume expansion due to phase change can be quite devastating. This
expansion occurs in the interior liquid, “blowing out” the surrounded solid ice walls. Section 13.4
of this chapter reviews mathematical solutions for such cases.

Using thermal expansion of pure water as a reference, Rabin et al.31 investigated the thermal
expansion of various soft biological tissues and bones (Figure 13.5). The mechanical instrument
developed for this purpose was capable of simulating cooling conditions relevant to cryopreserva-
tion.31 In broad terms, the results of this study supported the commonly applied hypothesis that the
thermal expansion of soft biological tissues is similar to that of water ice, in the cryogenic
temperature range of –196°C to 0°C. The thermal expansion of muscle and liver tissues was found
to be greater than the thermal expansion of ice by up to about 30 percent. The thermal strain, rather
than the thermal expansion coefficient, is the driving mechanism of tissue destruction; the thermal
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strain is the integral (cumulative effect) of the thermal expansion coefficient over a temperature
range. Taking into account the full scale of the cryogenic temperature range under investigation,
the thermal strain in liver was found to be up to 30 percent higher than that of ice. Muscle samples
showed thermal strain values higher than in ice but lower than in the liver samples. Bone tissue,
on the other hand, displayed thermal strains equal to about 33 percent of that of ice over the same
temperature range. To complete the picture, tissue samples were dried in a controlled manner, and
a water content in the range of 74 percent to 79 percent was measured in the muscle and liver
specimens. The relatively high water content supports the general similarity in thermal expansion
of water and of liver and muscle tissues; however, it is unexpected that the additional nonaqueous
content — that is, the extracellular matrix — would lead muscle to expand more than water. Clearly,
the expansions of liquid with and without the extracellular matrix are distinct and remain to be
explained. 

TABLE 13.1
Compiled Coefficients of Best-Fit Polynomial Approximation for Thermal Expansion of 
Various Materials: ββββ    = a0 + a1T + a2T2 + a3T3 °°°°C–1

Material a0 a1 a2 a3

Temperature 
Range*, °°°°C Reference

Pure water ice 5.264 × 10–5 4.207 × 10–8 –1.893 × 10–9 –3.771 × 10–12 –200<T<0S Jakob and Erk, 192829

Pure water ice 5.630 × 10–5 2.528 × 10–7 – – –200<T<0S Powell, 195827

Pure water ice 5.548 × 10–5 3.603 × 10–7 1.788 × 10–9 6.614 × 10–12 –200<T<–30S Dantel, 196228

Pure water ice 5.300 × 10–5 2.240 × 10–7 – – –196<T<0S Fukusako, 199030

Bovine muscle 7.225 × 10–5 3.834 × 10–7 2.340 × 10–10 – –180<T<–30S Rabin et. al., 199831

Chicken muscle 6.649 × 10–5 3.438 × 10–7 2.785 × 10–10 – –180<T<–10S Rabin et. al., 199831

Rabbit muscle 6.224 × 10–5 2.744 × 10–7 –3.639 × 10–11 – –180<T<–20S Rabin et. al., 199831

Rabbit muscle 
permeated with 
2M DMSO

5.109 × 10–6 –1.749 × 10–6 –1.799 × 10–8 –4.820 × 10–11 –180<T<–30P Rabin et. al., 199831

Rabbit muscle 
permeated with 
2M glycerol

3.840 × 10–6 –6.774 × 10–7 –3.591 × 10–9 – –180<T<–20P Rabin et. al., 199831

Rabbit bone 2.622 × 10–5 2.052 × 10–7 6.231 × 10–10 – –180<T<–10S Rabin et. al., 199831

Pig liver 7.323 × 10–5 4.344 × 10–7 6.105 × 10–10 – –180<T<–10S Rabin et. al., 199831

Pig liver perfused 
with 2M DMSO

1.668 × 10–5

1.239 × 10–4

–3.414 × 10–8

9.954 ×1 0–7

–
1.970 × 10–9

–
–

–95<T<–20L

–180<T<–100S

Rabin et. al., 199831

2.2M Propylene 
glycol

5.831 × 10–5 3.353 × 10–6 – – –4.1<T<20L Plitz et. al., 200435

3M Propylene 
glycol

8.470 × 10–5 2.906 × 10–6 – – –6.6<T<20L Plitz et. al., 200435

3.1M Formamide 8.494 × 10–5 2.667 × 10–6 – – –3.4<T<20L Plitz et. al., 200435

3.1M DMSO 9.557 × 10–5 1.865 × 10–6 – – –7.7<T<20L Plitz et. al., 200435

6.0M DMSO 1.981 × 10–4 4.592 × 10–7 – – –36.2<T<20L Plitz et. al., 200435

7.05M DMSO 2.021 × 10–4 –1.956 × 10–7 – – –89.1<T<20L Plitz et. al., 200435

8.4M DMSO 2.383 × 10–4 –2.028 × 10–7 – – –95.6<T<20L Plitz et. al., 200435

DP6 1.922 × 10–4 8.193 × 10–7 – – –29.8<T<20L Plitz et. al., 200435

VS55 1.956 × 10–4 1.895 × 10–7 – – –40.3<T<20L Plitz et. al., 200435

* The letters L and S refer to liquid and solid phases of state, while P refers to partial solidification in the temperature
range of interest
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13.3.2.2 Vitrification

In the process of vitrification, the dramatic effect of expansion upon freezing is prevented because
ice crystallization is suppressed. Vitrification is an inherently unstable process, affected primarily
by the cooling rate, the rewarming rate, and the absolute pressure.32,33 Whereas the cooling and
rewarming rate effects have been discussed in detail in the literature, the pressure effect has not
been well evaluated. In broad terms, the tendency to vitrify increases with the pressure, at least up
to 1,700 Atm.34 Fahy et al. 25 speculated that pressures of up to 1,000 Atm may be tolerable to
living tissues, especially in the presence of specific protective agents, which tend to act as “baro-
protectors.” However, experimental support for this effect remains limited.

Kroener and Luyet 8 were the first to report on thermal expansion behavior during vitrification
in the context of cryobiology, in a study that focused on thermal expansion of aqueous solutions
of glycerol. They observed that the rate of change of thermal expansion with temperature changes
dramatically near the glass transition temperature and speculated that “the abrupt change observed,
in one direction during cooling, and in another direction during rewarming, may result in consid-
erable mechanical disturbance in biological material subject to vitrification.” However, mathemat-
ical models to include this effect in continuum mechanics were not yet available. 

In order to provide insight into the thermal expansion of cryoprotective agents, Rabin et al.31

perfused a pig liver with 2M DMSO in PBS and measured the thermal expansion coefficient at a
relatively low cooling rate of 5ºC/min. These conditions are typical to classical cryopreservation,
although liver cryopreservation is not yet feasible. The technique of in situ liver perfusion ensured
efficient replacement of the biofluids with cryoprotectants. Results of this study showed variation
in the thermal expansion of specimens taken from different lobes of the same liver (Figure 13.6),
which is likely to be related to the achievable local distribution of DMSO in the liver. Specimens
from one lobe of the liver showed a dramatic volume change around –95ºC, which is likely to be
related to the coexistence of vitrified and crystalline phases of DMSO in the specific concentrations

FIGURE 13.5 Thermal expansion coefficient of crystallized biological tissues. (Rabin, Y., Taylor, M.J., and
Wolmark, N., Thermal expansion measurements of frozen biological tissues at cryogenic temperatures, ASME
J. Biomech. Eng., 120(2), 259–266, 1998. With permission.)
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and thermal conditions. Comparable results were also found in muscle specimens permeated with
glycerin and DMSO. In summary, the relatively low concentrations of DMSO and glycerin used
in this study changed dramatically the thermal expansion behavior of the tissue relative to unper-
meated muscle tissue. Note that complete vitrification (complete suppression of ice crystallization)
is likely not to be accomplished in 2M DMSO at a cooling rate of 5ºC/min. (For comparison, see
Plitz et al., 2004.35)

Although thermal expansion measurements of solid materials can be done directly by connecting
a linear motion sensor to the specimen,31 comparable measurements in vitrifying materials are not
achievable. In particular, it is challenging to measure thermal expansion during vitrification, when
the material behaves as a liquid, but its viscosity elevates very rapidly with decrease in temperature.
Rabin and Bell36 developed a device for indirect thermal expansion measurements at the upper part
of the cryogenic temperature range, during which viscosity of the vitrifying material is not too
high (<~2000 Poise). This device is based on an enclosure filled with a liquid sample and a known
quantity of air. The measured parameter is the air pressure as the enclosure cools down, and the
inferred parameter is the thermal expansion of the liquid sample that drives the corresponding
pressure change.

Thermal expansion data for DMSO solutions, which are the basis for many cryoprotectant
cocktails, are available in the literature;37,38,39 however, these data correspond to relatively high
cryogenic temperatures, well above the freezing point, where the viscosity value is very low (<~6
Poise). By contrast, the device designed by Rabin and Bell36 can simulate conditions in which the
cooling rate is high enough to permit vitrification and avoid devitrification while allowing thermal
expansion measurements at higher viscosity. 

Rabin and Bell40 studied the thermal expansion of the cryoprotectant cocktails VS55 and DP6,
both containing DMSO as a primary cryoprotectant. The dramatic volume change associated with
crystallization at low cooling rates was demonstrated for various thermal histories. Figure 13.7
shows the thermal strain along the process of cooling and subsequent rewarming of a VS55 sample;

FIGURE 13.6 Thermal expansion coefficient of pig liver perfused with DMSO; lobe designation: (1) small
left lobe, (2) large left lobe, (3) large right lobe, (4) small right lobe. (Rabin, Y. and Steif, P.S., Thermal stress
modeling in cryosurgery, Int. J. Solids Struc. 37, 2363–2375, 2000. With permission.)
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the average cooling rate was 2.3ºC/min, and the average rewarming rate was 1.4ºC/min. During
cooling (segment A–B) the material behaves like a viscous fluid, well below the melting point (G).
This cooling rate significantly suppresses crystallization of VS55, down to at least –67ºC. At the
beginning of rewarming, however, crystals start to form immediately, as evident by the rapid increase
in strain (segment E–F). Crystal melting follows (segment F–G), and the material resumes a liquid-
like state above the melting point. The process of crystal formation during rewarming is known as
either recrystallization, which is the growth of small existing ice crystals, or devitrification, which
is the formation of ice crystals around nucleation sources. The distinction between recrystallization
and devitrification is not always clear in the literature. It is also impossible to distinguish recrys-
tallization from devitrification based on the experimental observations by Rabin and Bell.40 In any
event, the rewarming rate in these experiments was too low to prevent either one of the effects or
both.

In an effort to map the effect of the thermal expansion of the ingredients on the cryoprotectant
cocktail, Plitz et al.35 focused their study on the ingredients of the cocktails DP6 and VS55. Table
13.1 summarizes the thermal expansion data of various cryoprotectants. Using a Differential
Scanning Calorimetric device (DSC), Plitz et al.35 verified the thermal events of crystallization
against thermal expansion measurements; very good agreement was found in the identification of
the upper boundary of melting. It is noted that the internal energy changes sensed by the DSC and
the thermal expansion changes sensed by the new device for thermal expansion measurements are
directly related,23 which means that vitrification can be verified either through DSC analysis or
through thermal expansion analysis. However, the thermal expansion device, which is capable of
measuring volume changes in the order of micro-liters, is far more sensitive than a typical DSC
device.

13.3.3 STRESS-STRAIN MEASUREMENTS OF FROZEN TISSUES

There are at least two different objectives in measuring the stress-strain relationship in the context
of cryobiology, one relevant to room temperature after tissue recovery from cryogenic storage
and the other relevant to the cryogenic protocol. Stress-strain measurements at room temperature
after tissue recovery from cryogenic storage are an implicit way of measuring the accumulated

FIGURE 13.7 Thermal strain as a function of temperature of the cryoprotectant cocktail VS55, subject to an
average cooling rate of 2.3ºC/min followed by a rewarming rate of 1.4ºC/min. (Reprinted from Rabin and
Bell, 2003b, Thermal expansion measurements of cryoprotective agents. Part II: Measurements of DP6 and
VS55, and comparison with DMSO, Cryobiology, 46(3), 264–270, 2003b. With permission from Elsevier.)
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effect of structural damage during the cryogenic protocol. Accumulated tissue damage may be
related to effects of stress at low temperatures; fracture formation and plasticity effects are
examples. Accumulated tissue damage may also be related to other injury at the cellular level,
which after thawing leads to degradation of the cellular matrix and tissue structure. For such
purposes, stress-strain measurements should be taken well after thawing to include any post
traumatic effects of exposure to low temperatures. Stress-strain analysis post-cryopreservation
is more of a diagnostic tool, but it is very limited as a tool for explaining phenomena governing
destruction and injury. Measurements of the mechanical properties post-cryopreservation are
more common in vascular studies such as those by Vesely et al.,41 Rosset et al.,42 Pukacki et al.
2000,43 and Bujan et al.;44 however, similar studies have reported on other tissues such as skin45

and bones.46 The instrumentation required for strain-stress measurements at room temperature
is quite standard in the engineering sense; the major difficulty is in gripping the tissue samples.
Another significant difficulty is in preparing specimens in simple geometries adequate for com-
patible engineering analysis.

Stress-strain measurements made under appropriate cryogenic conditions are relevant to events
that take place during the cryogenic protocol itself. Such measurements serve as the basis for
mathematical modeling of the mechanical behavior of the material, which ultimately predicts
structural damage or fracture due to excessive stresses in particular cryogenic conditions. One can
identify two classes of stress-strain studies relevant to cryogenic protocols. In the first class of
studies, one tries to determine the response of the frozen tissue to the application of known stresses,
usually under conditions of constant temperature; both the resulting strain and tendency to fracture
are of interest. Like thermal expansion behavior, these observations are ingredients in predicting
stress and fracture under a chosen temperature protocol. In the second class, one exposes tissue of
some shape and under some conditions to a temperature protocol. One observes the tendency for
fracture and tries to relate those observations to the predictions derived from calculations (analytical
or computer-based) using data obtained in the first class of studies.

Gao et al.47 studied fracture phenomena in an isotonic salt solution during freezing and their
elimination using glycerol. The experimental apparatus designed for this study had the shape of
a cylindrical brass tube with strain gauges connected to its wall. Special windows were prepared
in the container base to observe fracturing. Ternary solutions (glycerol-water-NaCl) were tested
in a glycerol concentration range of 0 to 1M and subject to a low cooling rate of about 0.1ºC/min
down to –40ºC. Fracture events were observed either visually, by removing the container base,
or indirectly, through sudden changes in the strain in the container wall. Gao et al. observed
darker rings in the frozen material, which they related to the strain relief events at the container
wall. Gao et al. also found some correlation between these fracturing observations and the earlier
computer simulation results of Lin et al.48 However, Gao et al. performed the study for a limited
range of parameters, and the strains in the freezing medium were not measured directly. There
was no analysis of the stress distribution, nor inferences of the corresponding strength of the
material.

Rabin et al.2 conducted an experimental study of the mechanical response of frozen soft
biological tissues to applied compressive stresses. Table 13.2 presents the results of compression
tests on rabbit liver, kidney, and brain, as well as literature data on sea ice and single ice crystals.
As illustrated in Figure 13.8, after an initial roughly linear elastic portion there was a series of
sudden stress drops at constant strain, each followed by a linear increase of stress with strain to
the next drop. This phenomenon, attributed to the accumulation of micro-fractures, broadly resem-
bles plastic deformation and thus provides support for simple elastic–perfectly plastic models
invoked in theoretical studies. Figures 13.3 and 13.4 present the histological examination of similar
tissue samples. 

Zhang et al.49 performed an experimental study of the mechanical behavior of frozen arteries
at low temperatures using a Dynamic Mechanical Analyzer in tension. They found that the frozen
artery shows a kind of elastic-plasticity in the temperature range of –20°C to –40°C. The plastic

2772_C013.fm  Page 374  Thursday, July 13, 2006  1:50 PM

© 2007 by Taylor & Francis Group, LLC



Solid Mechanics Aspects of Cryobiology 375

behavior disappeared with the decrease in temperature, and the artery behaved as a brittle-elastic
material at –120°C. Similar observations were made in the axial and circumferential directions of
the artery. In the presence of cryoprotectants, Zhang et al.49 indicated that the artery becomes softer,
and they speculated that this softening effect should help prevent fracturing.

TABLE 13.2
Experimental Data of Elastic Modulus and Strength Single Ice Crystals, Sea Ice, 
and Soft Biological Tissues in Compression in the Solid State

Material

Elastic Modulus
(mean ± STD)

GPa

Yield Strength
(mean ± STD)

MPa

Maximal Strength
(mean ± STD)

MPa Reference

Single Ice Crystal 13–18.5 – – Helmreich, 196962

Single Ice Crystal 2.8–17.5 – – Dantel, 196963

Sea Ice 3–100 7.9–12.2 – Weeks and Assur 196764

Sea Ice – 0.75–3.31 – Christensen, 198665

Rabbit Liver 14.8 ± 4.5 – 53.5 ± 9.1 Rabin et. al., 19962

Rabbit Kidney 22.9 ± 4.6 – 132.2 ± 35.1 Rabin et. al., 19962

Rabbit Brain 9.5 ± 1.7 – 29.6 ± 6.1 Rabin et. al., 19962

Source: (Reprinted from Rabin et al., 1996,2 with permission from Elsevier.)

FIGURE 13.8 Stress-strain relationship during three cycles of compression testing, on a rabbit liver specimen
at liquid nitrogen boiling temperature (–196ºC). Section A–C represents the first loading cycle, entirely in the
linear-elastic regime. Section D–G represents a second loading cycle, with the formation of a series of fractures
between points E and F. Loading and unloading in the second cycle appears to follow roughly linear-elastic
behavior. Section H–J represents a third loading cycle with a sample crushing to ruble at point J. (Rabin, Y.
et al., An experimental study of the mechanical response of frozen biological tissues at cryogenic temperatures,
Cryobiology, 33, 472–482, 1996. With permission from Elsevier.)
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13.4 MATHEMATICAL MODELING

Boley and Weiner (1960) provided a summary of classical closed-form solutions of thermo-
mechanical stress problems in solids.50 These classical solutions rest on four principal assumptions:
(a) the temperature distribution can be determined independently of the deformation of the solid;
(b) the entire domain is solid with constant mechanical properties; (c) all deformations are small;
and (d) the material may be modeled as an elastic solid. Due to the complexity of such problems,
solutions are given for simplified cases in one-dimensional configurations. Boley and Weiner51 also
suggested a solution for the case of an elastic–perfectly plastic (rather than purely elastic) material,
which could be used to simulate the pseudo elastic–perfectly plastic behavior observed by Rabin
et al.2

Rubinsky et al.52 were the first to adopt the classical solutions collected by Boley and Weiner50

to cryobiology problems, and many followed in the following two decades. For example, Gao et
al.47 and Lin et al.53 used the results of similar mathematical solutions to explain experimental
observations of fracture formation in water solutions; Rabin and Steif54 used a similar solution to
predict fracture formation during cryosurgery; and Hua et al.55 used a numerical technique based
on a similar model to predict fractures during cryopreservation of blood vessels. Unfortunately,
cryobiology problems could not be properly captured by the mathematical solutions adopted from
Boley and Weiner,50 which did not take into account: (1) the sudden volume expansion associated
with freezing at the freezing front, and (2) the fact that the region over which the material is solid
and capable of sustaining stresses changes as time progresses, due to the moving freezing front.
The neglect of a discussion of the effect of volume expansion upon freezing was questioned by
Thom et al.56 and addressed by Gao et al.,47 but a mathematical model to correct these inconsistencies
was not offered.

Parametric studies based on the classical solutions were also inconsistent with experimental
observations: in cryopreservation applications, severe fractures often occur at the early stages of
thawing and not, as commonly expected, during freezing.57 Comparable observations were made
in the context of cryosurgery when performing routine cryoprobe testing in saline: cracking more
often occurs at the beginning of the rewarming phase, immediately after the cryogen supply is shut
off (Rabin, personal observations). These inconsistencies prompted Rabin and Steif58 to reexamine
the assumptions underlying the models of tissue freezing and to offer an alternative model for
thermo-mechanical stress that accounted for the moving freezing front. In particular, Rabin and
Steif argued that any volume-preserving strain that occurs while the material is still in the liquid
state cannot produce stress; therefore, material that has just solidified at an expanding freezing
front must start with zero stress. It is noted that, while the zero stress condition at the freezing
front has been well appreciated by workers in the area of metal solidification and casting,51,59 it
has been overlooked by researchers in the area of cryobiology.

Rabin and Steif 58 proposed a mathematical model that takes into account both the condition
of zero stress at the freezing front and the dramatic volume change associated with freezing.
Supported by experimental observations,1,3 Rabin and Steif developed closed-form solutions for an
elastic-perfectly plastic material in two simplified spherical cases: (1) an inward freezing problem,
simulative of classical cryopreservation,58 and (2) an outward freezing problem, simulative of
cryosurgery.60 Based on parametric studies using physical properties similar to water, the outstand-
ing observation in both cases is that thawing is not the inverse of freezing in terms of stress and
strain distributions. In fact, the frozen material strains continuously during freezing and subsequent
thawing, which runs counter to the expectation that the level of strain should be reduced with
rewarming. Indeed rewarming does not “undo” freezing in the solid mechanics sense. 

Of course, the liquid phase can sustain hydrostatic pressure if the liquid is contained. Indeed,
this is what happens in the inward freezing problem (the cryopreservation case), in which unfrozen
material (liquid) is trapped within a solid spherical shell. The large volume increase due to
freezing of the inner confined liquid results in enormous hydrostatic pressures in the liquid and
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circumferential stresses in the shell, potentially producing fractures. Figure 13.9 presents the
deviatoric stress (the total stress minus the hydrostatic pressure) distribution in an inward freezing
problem, in which a yield strain of 0.005 is presumed for the frozen material.58 In this case, it was
found that the effect of volume changes associated with ice formation is expected to overwhelm
the effects associated with constrained contraction in the solid domain (for example, the linear
thermal expansion effect). Another interesting observation is that the elevated hydrostatic pressure
at the core of the sphere is expected to depress the freezing point, an effect bounded by the –20°C
isotherm, as discussed at the beginning of Section 13.3.2.

In the cryosurgery case,60 results show that the stress distribution during the rewarming stage
is very different than that during cooling (Figure 13.10). In the vicinity of the cryoprobe during
cooling, very high stresses are found, which are likely to reach the strength of the material.
Extremely high strain rates are found on the outer surface of the frozen domain at the initiation of
the rewarming stage. Furthermore, it is shown that significant stresses remain in the frozen region
during rewarming, even when the temperature distribution becomes almost uniform, equal to the
phase transition temperature. The stress distributions are qualitatively consistent with experimental
observations of limited cracking at the cryoprobe surface during cooling and large scale cracking
at the initiation of the rewarming stage.

While there are a limited number of closed-form solutions for thermo-mechanical stress prob-
lems with phase change, it is possible, in principle, to devise finite element methods to solve such
problems. For example, Dennis et al.61 used finite elements methods to “design” a cryopreservation
protocol that minimized thermo-mechanical stress. Protocol design was achieved by a sequence of
finite element-based thermo-mechanical stress simulations featuring varying temperature histories
at the container wall. After an initial guess for a thermal history for the first simulation, a special
computer code automatically varied the thermal history for the next simulation until it found an

FIGURE 13.9 Calculated deviatoric stress distribution during inward freezing in a sphere simulative of a
cryopreservation protocol; where s is the freezing front and R is the sphere radius. The dashed line represents
the extreme deviatoric stress in the case of an elastic–perfectly plastic model and a yield strain of 0.005.
(Rabin, Y. and Steif, P.S., Thermal stresses in a freezing sphere and its application to cryobiology, ASME J.
Appl. Mech., 65(2), 328–333, 1998.)
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optimum thermal history, producing thermo-mechanical stresses nowhere exceeding a prespecified
critical level at any time during the cryogenic protocol.

Using finite elements can be very challenging for such problems. One needs to be concerned
about convergence of the solution as the number of elements is increased and the dependence on
the particular arrangement of elements in the mesh. Additional numerical challenges will need to
be faced in the case of vitrifying tissues, in which case the viscosity varies by orders of magnitude
over the relevant temperature range. These difficulties require careful attention to verification with
the exact solutions listed possibly serving as references for comparison. The beauty of closed-
form solutions is that they offer simultaneous insight for a wide range of parameters, whereas
finite elements can only give numerical results for a specific problem. On the other hand, with
finite elements one can generate solutions to a virtually endless number of complex configurations
and materials. It should be common practice to verify finite elements codes against closed-form
solutions in particular cases in order to gain an acceptable level of confidence in the use of the
specific computer code. A combination of various solution methods is likely to provide the
engineering tools necessary to predict and ultimately control the thermo-mechanical stresses
during cryopreservation.

13.5 SUMMARY

Cryopreservation technologies represent a potential long-term minimally damaging method to
preserve both native and engineered tissues. One of the key factors that hinders the widespread use
of recent developments in cryopreservation technology to bulky specimens is the phenomenon of
fracture formation. An understanding of this potentially destructive outcome of thermo-mechanical
stresses, inherent in the cryopreservation of complex biological systems, is crucial for the devel-
opment of improved methods of cryogenic storage. Similar devastating effects are evident from
cryopreservation applications in the food industry, agriculture, and the clinical application of
cryosurgery.

FIGURE 13.10 Calculated deviatoric stress during freezing and subsequent thawing in an outward freezing
problem, at various time instants of the simulated cryosurgical procedure. The solidus front advances in 1
mm increments between every two consecutive time instants. (Rabin, Y. and Steif, P.S., Thermal stress modeling
in cryosurgery, Int. J. Solids Struc. 37, 2363–2375, 2000. With permission from Elsevier.)
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Although fractures have been empirically observed, effective control of them will require a
predictive methodology. Cryobiology must adapt the mechanistic approaches, which have success-
fully used mathematical models to predict fracture in engineering materials.

Essentially, fracture is a consequence of nonuniform thermal expansions of cryopreserved
tissues. Such nonuniformities induce internal forces (stresses), which can cause fractures. A mech-
anistic approach to fracture prediction requires calculations of stress. Besides mathematical methods
of analysis, data on the thermal expansion of tissues and on the deformation of tissues subject to
simple states of mechanical stress are necessary to calculating stresses during cryopreservation
protocols. This chapter has reviewed efforts on these fronts.

Recent studies have demonstrated that an alternative approach to cryopreservation involving
vitrification that avoids the hazards of ice formation leads to markedly improved tissue products
in terms of structure and function. Additional complexities, only alluded to in this chapter, must
be confronted if one contemplates the prediction of stresses and fracture in vitrifying tissues. These
complexities are associated with characterizing the deformation of tissue subject to mechanical
stress, given that vitrifying tissues are neither fully solid nor fully fluid over a significant temperature
range of more than 100ºC. These future developments will lead to the full realization of the effective
preservation of large tissue specimens of clinical relevance.  
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Stabilization of cells by freeze-drying has been one of the major goals of cryobiology for decades,
but success has been limited mainly to prokaryotes.

 

1–5

 

 The first reports of preserving mammalian
cells — red blood cells

 

6,7

 

 — in a dry state soon led to controversy,

 

8,9

 

 which resulted in the consensus
that freeze-drying of mammalian cells was probably not possible. However, with the development
of new technologies

 

10–13

 

 and the application of molecular techniques,

 

14,15

 

 this field has taken on a
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new life. In fact, several reports suggest that freeze-dried human platelets are nearly ready for
clinical trials.

 

15–19

 

Most of the current investigations have flowed out of studies of the biochemistry of organisms
that naturally survive drying in nature. Many, but not all, such organisms synthesize large quantities
of disaccharides (trehalose or sucrose) in preparation for drying. These sugars are not necessarily
required for survival of drying, but studies on their role in stabilizing biological materials have led
to at least a rudimentary understanding of the physical requirements for stabilization during drying.

 

20

 

We will attempt to show in this chapter that this understanding may lead to development of
technology for preserving mammalian cells in the dry state.

 

14.1 TREHALOSE PRODUCTION AND STRESS

 

The vast majority of investigations in this field use trehalose as a protective molecule. This sugar
is accumulated at high concentrations — as much as 20% of the dry weight — by many organisms
capable of surviving complete dehydration, spread across many major taxa in all kingdoms.

 

20

 

 For
example, baker’s yeast cells, which have been the subject of the most intensive investigation, do
not survive drying in the log phase of growth and do not contain significant amounts of trehalose;
however, in the stationary phase they accumulate the sugar and may then be dried successfully.

 

21

 

Until recently, trehalose was thought to be a storage sugar in these cells, and the survival in the
dry state was believed to be related to its delivery of a ready energy source for repair functions
during rehydration. Evidence is accumulating that trehalose production may be a universal stress
response in yeasts; it can even prevent damage from environmental insults such as ethanol produc-
tion during fermentation in yeasts.

 

22–26

 

 In fact, overproduction of trehalose in some yeast strains
by increasing synthesis

 

27,28

 

 and decreasing degradation

 

29

 

 is being used to increase ethanol tolerance
and thus to boost industrial ethanol production. Along the same lines, trehalose has been shown to
inhibit toxic effects of toluene in a bacterium.

 

30

 

 Trehalose production may be a more widespread
stress response than previously appreciated; the analogue of trehalose in higher plants has been
thought to be sucrose,

 

31

 

 but recent reports show that several higher plants or their symbionts  produce
trehalose in response to drought stress. 

 

32–36

 

 Furthermore, several reports show that plants into which
the genes for trehalose synthesis were introduced show increased resistance to drought stress.

 

37,38

 

14.2 TREHALOSE AND STRESS PROTEINS

 

Trehalose is synthesized after heat shock in yeasts,

 

39

 

 apparently conferring general stress protection
to the cells.

 

40–42

 

 This effect is so pronounced that trehalose was initially thought to be an analog
of heat-shock proteins in yeasts.

 

39

 

 Subsequently, researchers have found trehalose is produced in
combination with stress proteins.

 

43–45

 

 The synergy appears to confer resistance to multiple stresses,
including dehydration,

 

46–49

 

 but the nature of the synergy remains unclear.

 

51,52

 

 Similarly, Clegg and
colleagues show that in cysts of the brine shrimp 

 

Artemia, 

 

trehalose is produced in response to
heat shock,

 

53

 

 along with a small stress protein.

 

54

 

 The trehalose seems to influence molecular
chaperone activity by the stress protein, according to Viner and Clegg’s data, but it is possible that
the stress proteins themselves may be involved in stabilizing membranes and proteins in the dry
state; Sales et al.

 

55

 

 produced some evidence that a small stress protein in yeasts, located at the
plasma membrane, appears to be involved in protection against dehydration damage and ethanol
stress — properties similar to those observed for trehalose. In further support of this proposition,
Török et al.

 

 

 

56

 

 demonstrated that a small stress protein, hsp17, stabilizes membranes during heat
stress by direct interaction with the bilayer. The mechanism of stabilization is unknown. Hill and
colleagues

 

57

 

 discovered a protein, which they called water stress protein, produced in large quantities
by the dehydration-tolerant alga 

 

Nostoc

 

, but its function is unknown, a common problem in this
field. Possibly the best-studied stress proteins related to dehydration resistance are the family known
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as dehydrins, found in both higher

 

58–60

 

 and lower

 

61

 

 plants. These proteins were first described in
relation to dehydration resistance,

 

59,60

 

 but subsequently have been shown to be produced in response
to chilling,

 

58

 

 freezing,

 

62,63

 

 wounding,

 

63

 

 osmotic stress,

 

64

 

 and chemical insults.

 

65

 

 Despite intensive
study, functions of these proteins in response to all these stresses are still unclear. It seems likely
that dehydrins might be produced along with sugars (sucrose or trehalose) in stressed plants,
particularly because drought tolerance and sucrose production are strongly influenced by the plant
hormone abscisic acid.

 

66

 

 Dehydrin production is similarly stimulated by abscisic acid (ABA).

 

67

 

The majority of this chapter concentrates on trehalose; however, we believe that stress proteins
will ultimately be a part of the effort at stabilizing cells in the dry state, and we will present evidence
that this is the case.

 

14.3 TREHALOSE AND BIOSTABILITY

 

Beginning in the early 1980s, the authors established that biomolecules and molecular assemblages
such as membranes and proteins can be stabilized in the dry state in the presence of trehalose.
When scientists compared trehalose with other sugars, trehalose appeared to be clearly superior
(reviewed in reference 68). Since that time, an astonishing array of applications for trehalose have
been reported (summarized in Table 14.1), ranging from stabilization of vaccines and liposomes
to hypothermic storage of human organs;

 

84

 

 other studies suggest that it might even be efficacious
in treatment of dry-eye syndrome

 

97

 

 or dry skin.

 

106

 

 Trehalose is prominently listed as an ingredient
in cosmetics (reviewed in reference 116). Apparently, trehalose’s reputation for inhibiting oxidation
of fatty acids 

 

in vitro

 

 that might be related to body odor is the only basis for its use in cosmetics.

 

116

 

Trehalose has been shown by several groups to suppress free radical damage;

 

107

 

 protect against
anoxia;

 

108,109

 

 inhibit dental caries;

 

110

 

 stabilize the flavor in foods;

 

111

 

 and inhibit bone resorption in
ovariectomized mice,

 

112

 

 apparently by suppressing osteoclast differentiation.

 

113

 

 Because it may
suppress osteoclast differentiation, scientists suggest that trehalose might be used to treat osteoporo-
sis in humans. More recently, Tanaka et al.

 

114

 

 reported that trehalose could be used to inhibit the
protein aggregation associated with Huntington’s disease 

 

in vivo

 

 in a rat model for this disease.
That report led to an unorthodox clinical trial in humans.

 

115 

 

At least half the applications listed in Table 14.1 deal with fully hydrated cells; thus the solution
properties of trehalose are particularly relevant. Since we are concerned principally with dry cells
here, we point out in passing the development of a considerable body of evidence on solution
properties of this molecule.

 

49,117–123

 

 Among the most intriguing are findings that the hydrated radius
of trehalose is anomalously large — at least 2.5 times that of the other sugars tested.

 

49

 

 This would
seem to be in good agreement with the report of Lin and Timasheff

 

124

 

 that, unlike other sugars,
trehalose is totally excluded from the hydration shell of the proteins studied. This effect would, in
turn, presumably maximize the stabilization of proteins by the preferential exclusion mecha-
nism,

 

125,126

 

 a possibility that warrants further investigation. In fact, it seems possible that many of
the properties reported for trehalose for stabilization of biomaterials in bulk water or during freezing
(cf. Table 14.1) might be related to this apparent anomaly.

 

14.4 DOES TREHALOSE HAVE SPECIAL PROPERTIES FOR 
PRESERVING BIOMATERIALS?

 

We recently reviewed the history of this field

 

84

 

 and provide only a brief summary of the key
observations. The first model membrane investigated was sarcoplasmic reticulum, isolated from
lobster muscle (reviewed in reference 68). When some of the authors compared the ability of a
variety of sugars to preserve the SR during drying, we found that trehalose was, without question,
superior to all other sugars tested. Some years later, however, we obtained evidence that these SR
membranes have a mechanism for translocating trehalose across the bilayer. We suggest that other
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sugars such as sucrose might preserve the membranes at concentrations similar to those seen with
trehalose if they had access to the aqueous interior. 

Initial studies with liposomes from the mid-1980s (reviewed in reference 88) were performed
with a phospholipid with low T

 

m

 

. When the liposomes were freeze dried with trehalose and
rehydrated, the vesicles were observed to be intact, and nearly 100% of the trapped solute was
retained. Studies found that stabilization of these liposomes and other vesicles prepared from
low–melting point lipids had two requirements (summarized in Figure 14.1): inhibition of fusion
between the dry vesicles and depression of T

 

m

 

 in the dry state. In the hydrated state, T

 

m

 

 for egg
PC is about –1°C and rises to about +70°C when it is dried without trehalose. In the presence of
trehalose, T

 

m

 

 is depressed in the dry state to –20°C. Thus, the lipid is maintained in liquid crystalline
phase in the dry state, and no phase transitions are observed during rehydration. The significance
of this phase transition during rehydration is that, when phospholipids pass through such transitions,
the bilayer becomes transiently leaky. (The physical basis for this leakiness has recently been
investigated in some detail by Hays et al.

 

127

 

) These effects were reported first for trehalose (reviewed
in reference 88). When we compared the effects of other sugars and polymers on the preservation,
we found that, with vesicles made from lipids with low T

 

m

 

, trehalose appeared to be significantly
superior to the best of the additives tested. Oligosaccharides larger than trisaccharides did not work
at all. Other sugars, particularly disaccharides, did provide good stabilization of egg PC vesicles
in the dry state, but much higher concentrations than trehalose were required, at least according to
initial reports. However, as freeze-drying technology improved, the differences between disaccha-
rides tended to disappear. Nevertheless, the observation that trehalose was significantly more
effective at low concentrations under suboptimal conditions for freeze-drying requires explanation,
which we provide later. 

 

TABLE 14.1
Some Novel Applications for Trehalose

 

Application Treatment References

 

Enzymes and other proteins f,ad,fd,sd 69–76
Vaccines and antibodies f,fd,ad 77–80
Nanoparticles fd,sd 81–83
Membranes fd,f 84–87
Liposomes fd 88–91
DNA and DNA-lipid complexes fd 92–94
Nucleated mammalian cells ad,f 14,15,96–98
Mammalian blood cells f,fd 6,7,18,99,100
Mammalian organs hs 101–105
Treatment of:
    Dry-eye syndrome 97
    Dry skin 106
    Dental caries 110
    Huntington’s disease 114,115
    Osteoporosis 112,113
Cosmetics 116
Foods 111

 Abbreviations: f (freezing), ad (air drying), fd (freeze-drying), sd
(spray dried), hs (hypothermic storage). 

 

Note

 

: In most of these studies other sugars or polymers were tested
as well as trehalose. This is by no means a complete list, but
represents only a sampling of what is being done in this field.
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At first it appeared that the ability to preserve liposomes in the dry state was restricted to
disaccharides. Subsequently, we found this is not the case. For example, DPPC is a lipid with
saturated acyl chains and thus an elevated T

 

m

 

 (41°C). When it is dried without trehalose, T

 

m

 

 rises
to about 110°C; with trehalose present, T

 

m

 

 rises to about 65°C (reviewed in reference 20). Thus,
DPPC is in gel phase at all stages of the freeze-drying and rehydration process, and one would
expect that inhibition of fusion might be sufficient for the stabilization. In other words, any inert
solute that would separate the vesicles in the dry state and thus prevent aggregation and fusion
should stabilize the dry vesicles (Figure 14.1). That appears to be the case; a high molecular weight
(450,000) HES has no effect on T

 

m

 

 in dry DPPC, but preserves the vesicles, nevertheless.

 

14.5 AN EXAMPLE OF STABILIZATION OF COMPLEX 
STRUCTURES: MEMBRANE DOMAINS
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Phase separation is segregation of membrane components in the plane of the bilayer. Although
several forces are involved, one of the main driving forces is the hydrophobic mismatch, which
arises from a difference in membrane thickness between two species within a bilayer, such as a
protein and a lipid or a lipid and a lipid.

 

128,129

 

 The differences in thickness lead to exposure of
hydrophobic residues to water (Figure 14.2) and, consequently, to a decrease in entropy of the
system resulting from ordering of the water; such phase separations are known to occur in native
membranes during drying.

 

68

 

 Thus, the assembly of components of similar thickness into relatively

 

FIGURE 14.1

 

Summary of the requirements for stabilization of membrane vesicles during drying. Top: Lipids
with low T

 

m

 

. Bottom: Lipids with high T

 

m
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homogeneous domains is entropically driven. Water contributes the net increase in entropy driving
the process.

Consider the consequences of such an event for a binary mixture of lipids that is almost ideally
mixed at room temperature. The data shown in Figure 14.3 were obtained from a binary mixture
of POPC and PS (9:1) prepared as MLVs and dried without sugar additive.

 

130

 

 The three melting
endotherms were assigned to incompletely phase separated PS (a), incompletely phase separated
POPC (b), and completely phase separated POPC (c). When the same mixture was freeze-dried
with trehalose, transition c disappeared at low concentrations of trehalose. With the addition of
more trehalose, the enthalpy of the transition a increased, at the expense of the transition (b). The
interpretation placed on these findings is that the PS is so fluid that its T

 

m

 

 is little affected by
dehydration, while T

 

m

 

 for POPC rises during dehydration, leading to phase separation. Addition
of trehalose drives down T

 

m

 

 for POPC during dehydration, thus maintaining the pair in a single
mixed phase, summarized in Figure 14.4.
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Phase-separated domains in lipid bilayers are assuming a central position in membrane biology
(see 131 for a recent review). The mechanism of the phase separation is reasonably well under-
stood,

 

128,129,132–133

 

 and evidence is rapidly accumulating that these domains, known as “rafts,” are
required for many membrane-mediated cellular processes. Thus, stabilizing them is essential for
cellular preservation. The addition of fluorescent dyes that partition preferentially into ordered
domains allows the rafts to be visualized in intact cells, particularly if they are aggregated by

 

FIGURE 14.2

 

A membrane bilayer formed by a binary mixture of lipids, with one component in the gel
phase (gray), and one component in the liquid-crystalline phase (black). The differences in acyl chain length
lead to exposure of the chains to water, resulting in phase separation. 

 

FIGURE 14.3

 

DSC data for a freeze-dried mixture of POPC and PS (9:1). a: mixed phase PS and POPC,
dominated by PS; b: mixed phase POPC and PS, dominated by POPC; completely phase separated POPC. 
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exposure to low temperatures (Figure 14.5). After freeze-drying with trehalose and rehydrating,
the platelets behaved similarly; that is, reversible aggregation of domains enriched in the dye was
seen during chilling. One might ask whether these aggregates are an artifact of the chilling.
Spectroscopic evidence suggests otherwise; when lipid phase transitions were measured in these
platelets using FTIR, the data in Figure 14.5 were obtained, shown here as first derivatives of the
CH

 

2

 

 melting curves. Two clear transitions are seen in fresh platelets chilled from 40°C to 0°C. The
upper one, centered on about 30°C, has been assigned to the raft domains (reviewed in reference
131). This transition is present without prior chilling, indicating that rafts are indeed phase-separated
domains in these membranes. When the platelets were freeze-dried with trehalose (by methods to
be described later) the two transitions clearly persist in the rehydrated platelets (Figure 14.5). But
if the platelets are freeze-dried without trehalose, the two domains are disrupted, and additional
phase separation is observed. Thus, trehalose appears to be capable of preserving the domain
structure in these membranes.

We have investigated the mechanism by which the domains in native membranes are preserved
using freeze-dried liposomes composed of a binary mixture that mimics the platelet membranes as
a model. DLPC (T

 

m

 

 = 0°C) and DSPC (T

 

m

 

 = 50°C) are well known to undergo complete phase
separation in the fully hydrated state.

 

132,133

 

 When these liposomes were dried, the two lipids remained
in two phases, but they are mixed phases rather than pure DLPC and DSPC; the left-hand one
(Figure 14.6) is apparently a mixture of mostly DLPC, while the right-hand one (Figure 14.6) is
mostly DSPC. In samples dried with trehalose, by contrast, the DLPC transition is depressed to
about –20°C (Figure 14.6, inset), while the DSPC transition increases by about 10°C and becomes
more cooperative, suggesting that it is more like pure DSPC. Thus, the phase separation — and
the domain structure — are maintained by the trehalose in the dry state. Other pairs of lipids that
phase-separate when fully hydrated give similar results. 

We propose that trehalose maintains phase separation in this mixture of lipids in the dry state
by the following mechanism. The DLPC fraction, with its low T

 

m

 

 in the hydrated state, might be
expected to behave like the unsaturated lipids described earlier, in that T

 

m

 

 in the dry state is reduced
to a minimal and stable value immediately after drying with trehalose regardless of the thermal
history. That appears to be the case. The DSPC fraction, by contrast, would be expected to behave
like DPPC. DSPC is in gel phase in the hydrated state at room temperature, and it remains in gel
phase when it is dried with trehalose. In other words, we are proposing that by maintaining one
of the lipids in liquid crystalline phase during drying and the other in gel phase, trehalose maintains

 

FIGURE 14.4

 

Hypothesis for the mechanism by which trehalose inhibits phase separation in membranes
during drying.
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the phase separation (Figure 14.7). We suggest that this is the fundamental mechanism by which
trehalose maintains phase separated domains in dry membranes. Furthermore, although there are
lingering doubts about whether or not phase separated domains in native membranes

 

 

 

are real

 

134,135

 

FIGURE 14.5

 

Left: Human platelets were stained with a fluorescent dye diI-18, which partitions into ordered
domains. At physiological temperature the staining is uniform, but when the platelets were chilled aggregates
appeared (arrows). Adapted from 143. Right: Lipid phase transitions in human platelets were measured with
FTIR, shown here as first derivatives of the CH

 

2

 

 melting curves. In fresh platelets or platelets freeze-dried
with trehalose and rehydrated, two transitions are seen. The one at higher temperature has been assigned to
rafts. In platelets freeze-dried without trehalose and rehydrated, the two transitions are clearly disrupted. 

 

FIGURE 14.6

 

Changes in the wave number of the CH
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 symmetric stretch and CD

 

2

 

 asymmetric stretch as a
function of temperature during heating of DLPC:DSPCd-70 1:1 mixtures, air-dried in the absence (left) and
presence (right) of trehalose (5:1 sugar:lipid); first derivative CH2 (solid lines); and first derivative CD2 (dashed
lines). Low-temperature wave number versus temperature plot of air-dried DLPC/DSPCd-70 in the presence
of trehalose (right, inset). 
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or artifacts,136–138 abundant evidence suggests that these domains, known as “rafts,” are involved in
such processes as signaling,139 endocytosis,140 and viral assembly, among others.141,142 Clearly,
preservation of this domain structure is a requirement for stabilizing native membranes and intact
cells143 and the rafts are maintained intact when the platelets are dried with trehalose.131 We propose
that the mechanism of stabilization is similar to that described here for pure lipid systems.

Stabilization of domain structure in membranes during drying is probably not restricted to
trehalose since other sugars have similar effects on membranes. So the question can be asked again:
Does trehalose have any special properties in this regard? In fact, there are numerous pathways to
achieve the same stabilization.

14.6 THERE IS MORE THAN ONE WAY TO THE SAME END

Although the occurrence of trehalose at high concentrations is common in anhydrobiotic animals,
some of these animals have very small amounts of trehalose144,145 or none at all.146–148 It is tempting
to construe these findings as evidence against a role for sugars in anhydrobiosis; however,  we
suggest that it is not the sugars per se that are of interest in this regard, but rather the physical
principles of the requirements for stabilization. There are multiple ways to achieve such stabiliza-
tion. First, HES alone will not stabilize dry membrane vesicles composed of lipids with low Tm,
but a combination of a low molecular weight sugar such as glucose and HES can be effective.149

The apparent mechanism is glucose, which depresses Tm in the dry lipid but has little effect on
inhibiting fusion, except at extremely high concentrations. On the other hand, the polymer has no
effect on the phase transition but does inhibit fusion. Thus, the combination of the two meets both
requirements, while neither alone does so.149 It seems likely that such combinations of molecules
might be found in anhydrobiotes in nature. Second, a glycan isolated from the desiccation tolerant
alga Nostoc apparently works in conjunction with oligosaccharides.57 Similarly, certain proteins
have been shown to affect the phase state of the sugars and either enhance stabilization or are
required for it (reviewed in reference 150). Third, Hincha et al.151 have shown that fructans from

FIGURE 14.7 An hypothesis for the mechanism by which trehalose stabilizes microdomains in dry liposomes.
Phase separation in the hydrated state is driven by hydrophobic mismatch (cf. Figure 14.2). If the liposomes
are dried without trehalose both lipids in the pair enter gel phase and mix. In liposomes dried with trehalose,
the more-fluid lipid has a depressed Tm in the dry state, while Tm for the gel-phase lipid is affected to a less
extent (cf. Figure 14.1). As a result, the lipid pair is maintained in phase states similar to those seen in the
presence of water. In addition, formation of a glass by dry trehalose almost certainly affects lateral mobility
and thus inhibits mixing.131

− Trehalose
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desiccation-tolerant higher plants will both inhibit fusion and reduce Tm in dry phospholipids such
as egg PC. The mechanism behind this effect is still unclear. Vereyken et al.152 provided evidence
that the interaction is similar to that shown by sugars, but it is also specific to fructans and not
shown by other polymers. In a related study, Hincha et al.153 reported that a series of raffinose
family oligosaccharides are all capable of stabilizing dry liposomes. Fourth, Hincha and
Hagemann154 studied effects of other compatible solutes on stabilization of liposomes by sugars.
This approach is in its earliest stages, but those authors found that some compatible solutes improve
the stabilization in the presence of sugars, suggesting that the solutes might decrease the amount
of sugar required in vivo. Fifth, Hoekstra and Golovina155 reported that amphiphiles that are free
in the cytoplasm in fully hydrated cells of anhydrobiotes apparently insert into membranes during
dehydration. The role of this phenomenon in stabilization is uncertain, but presumably the
amphiphiles alter the order of the acyl chains. Popova and Hincha156 have shown that this is the
case for a model, amphiphiles, tryptophan, and that the interaction depends on the lipid composition.
This latter finding suggests that the protective molecules themselves may vary depending on lipid
composition. Further evidence for this proposition appears in Oliver et al.157 Sixth, Goodrich et
al.158 found that disaccharides tethered to the bilayer surface by a flexible linker esterified to
cholesterol have an effect on membrane stability similar to that seen in the free sugar. Such
molecules could provide stability in anhydrobiotes, although this has not yet been reported.

To summarize, there are many ways to achieve stability. Once an understanding of the physical
requirements for preservation was achieved in these studies, it became apparent that many routes
can lead to the same end. Carpenter and colleagues have made similar observations on the stability
of dry proteins and reached similar conclusions.159–161

14.7 TREHALOSE HAS UNUSUAL PROPERTIES

14.7.1 SURVIVAL UNDER SUBOPTIMAL CONDITIONS

We implied that trehalose works well for freeze-drying liposomes under less-than-optimal condi-
tions. The same applies for storage under conditions that would normally degrade the biomaterial.
Leslie et al.3 reported that bacteria freeze-dried in the presence of trehalose showed remarkably
high survival immediately after freeze-drying. Furthermore, they found that the bacteria freeze-
dried with trehalose retained high viability even after long exposure to moist air. By contrast, when
the bacteria were freeze-dried with sucrose they showed lower initial survival, and when they were
exposed to moist air viability deceased rapidly. More recently, Esteves et al.80 reported that when
immunoconjugates were freeze-dried with trehalose or other disaccharides all the sugars provided
reasonable levels of preservation. However, when the dry samples were stored at high relative
humidities and temperatures, those dried with trehalose were stable for much longer than those
dried with other sugars. This finding is of some considerable significance since there is a need for
shipping immunoconjugates, vaccines, antisera, and the like to locales where they would be exposed
to high temperatures and humidities as soon as they are exposed to air.

14.7.2 GLASS TRANSITIONS AND STABILITY

Using liposomes as a model, we attempted to find a mechanism for long-term stability in the
presence of trehalose. As in the case of bacteria and immunoconjugates, the dry liposomes exposed
to increased relative humidity rapidly leaked their contents when they were dried with sucrose, but
not when they were dried with trehalose.162,163 The liposomes underwent extensive fusion in the
moist air when dried with sucrose, but not with trehalose.

When it is dried, trehalose, along with many other sugars, forms a glass that undergoes a
transition from a highly viscous fluid to a highly mobile system when it is heated above a
characteristic temperature, Tg, which increases sharply as dehydration progresses, yielding a state

2772_C014.fm  Page 392  Tuesday, July 18, 2006  11:17 AM

© 2007 by Taylor & Francis Group, LLC



Stabilization of Mammalian Cells in the Dry State 393

diagram (Figure 14.8). It has become widely accepted that stability of dry materials in which close
approach of surfaces must be prevented requires that the material remain below the curve for the
state diagram, i.e., it must be maintained in the glassy state. Above the curve the mobility of the
system increases, while below it the materials are held in a relatively rigid matrix (Figure 14.8).
For instance, heating a sample containing liposomes above Tg results in increased mobility to the
point at which fusion occurs in the concentrated solution. Brief excursions above the curve are not
necessarily damaging, since the surface-to-surface interaction has a kinetic component. Because
of this kinetic component, there is a lot of confusion in the literature concerning whether the glassy
state is even required for stabilization.  

Tg for trehalose is much higher than that for sucrose (Figure 14.9), a finding first reported by
Green and Angell164 and extended by several groups.162,165–168 As a result, one would expect that
addition of small amounts of water to sucrose by adsorption in moist air would decrease Tg to

FIGURE 14.8 Effects of the glass transition temperature on inhibition of aggregation and fusion of liposomes
at the indicated water contents. 

FIGURE 14.9 Comparison between glass transition temperatures in trehalose, sucrose, and glucose at the
indicated water contents. The reference lines show values for Tg at about 5% water content. 
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below the storage temperature, while at the same water content Tg for trehalose would be above
the storage temperature. Indeed, at water contents around 5%, Tg for trehalose is about 40°C, while
that for sucrose is about 15°C. Tg for glucose at a similar water content is about –10°C (Figure
14.9). One would predict that at such water contents trehalose would be the only one of these three
sugars that would stabilize the sample, and this appears to be the case. This would seem to provide
an explanation for the superior stability of, for example, the immunoconjugates stored in sucrose
or trehalose. We stress, however, that the elevated Tg seen in trehalose is not anomalous; indeed,
trehalose lies at the end of a continuum of sugars that show increasing Tg,162 although the basis for
this effect is not understood.

14.7.3 NONENZYMATIC BROWNING AND STABILITY OF THE GLYCOSIDIC BOND

The Maillard (browning) reaction between reducing sugars and proteins in the dry state has often
been invoked as a major source of damage,169 and the fact that both sucrose and trehalose are
nonreducing sugars may partially explain why they are the natural products accumulated by
anhydrobiotic organisms. However, the glycosidic bonds linking the monomers in sucrose and
trehalose have very different susceptibilities to hydrolysis (reviewed in reference 170,171). For
instance, the activation energy for acid hydrolysis in aqueous solution is nearly twice that that for
other disaccharides.172 Whereas O’Brien170 and subsequently Schebor et al.171 incubated a freeze-
dried model system (albumin, with the addition of lysine) with sucrose, trehalose, and glucose at
relative humidities in excess of 20%, the rate of browning seen with sucrose approached that of
glucose — as much as 2,000 times faster than that with trehalose — although they observed a
distinct lag in the onset of browning (Figure 14.10). Schebor et al. found that a peak in the
appearance of monosaccharides occurs prior to the onset of browning, after which free monosac-
charides decline, coincidentally with the onset of browning. These observations strongly suggest
that the browning seen with sucrose — but not with trehalose — is due to hydrolysis of the
glycosidic bond during storage. The glassy state is undoubtedly related to these effects; if the
samples are stored at very low humidities, only minimal amounts of hydrolysis and subsequent
browning were seen in the sucrose preparations.170,171

14.8 PRESERVATION OF LIVING CELLS IN THE DRY STATE

14.8.1 LOADING TREHALOSE INTO THE CYTOSOL

Clearly, trehalose must be introduced into the cytoplasm of a cell if it is to be effective at stabilizing
intracellular proteins and membranes during dehydration. Previous efforts that centered around this
fundamental problem involving molecular engineering have not been particularly success-
ful.14,15,173–178 However, Wolkers et al.18 made the surprising discovery that when human blood
platelets are placed in the presence of modest amounts of trehalose, they take it up by fluid-phase
endocytosis, and the intact sugar ends up in the cytoplasm. Wolkers et al. were able to show only
indirectly that trehalose is in the cytoplasm, but subsequent studies have demonstrated that this is
so. Oliver et al.179 have followed the fate of the sugar once it enters the endocytotic pathway in a
stem cell using fluorescence microscopy; the results are summarized in Figure 14.11. The fluores-
cence initially appears in vesicles, but with time it becomes diffuse, suggesting that the sugar is
released into the cytoplasm, although the mechanism of release is not entirely clear. The endocytotic
vesicles progress through the normal pathway to lysosomes. It is well established that low molecular
weight compounds such as glucose readily cross the lysosomal membrane into the cytoplasm,180

but there is very little evidence concerning the fate of disaccharides in lysosomes. Lloyd180 showed
that incubation of cells in sucrose led to persistent vesiculation, suggesting that, apparently unlike
trehalose, sucrose is retained in the lysosomes. This seems surprising because even though lysos-
omes lack invertase180 and thus cannot break the glycosidic bond in sucrose enzymatically, the
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glycosidic bond in sucrose should be hydrolyzed at the pH known to occur in lysosomes, while
that of trehalose should not. Thus, if anything, one would expect that the sucrose, broken down
into component glucose and fructose, should cross the lysosomal membrane into the cytosol by
means of the glucose carrier, while the still-intact trehalose should be retained. This matter is
unresolved, but we suspect that the lysosomal pH itself might lead to leakage; when liposomes
loaded with a polar fluorescent marker about the same size as trehalose were subjected to lysosomal
pH, the marker leaked across the bilayer into the external medium.127 We suggest that the pH
gradient across the lysosomal membrane might lead to leakage of trehalose and other low–molecular
weight molecules into the cytosol. At any rate, we have found that trehalose can be introduced into
the cytoplasm of every cell we have tested as long as the cell has a functional fluid-phase endocytotic
pathway.

14.8.2 FREEZE-DRYING TREHALOSE-LOADED CELLS: PLATELETS

We have recently reported successful freeze-drying of platelets, with a detailed discussion of the
procedure, which results in survival exceeding 90%18 We started this project at the invitation of
the United States Department of Defense, where there is an obvious need for platelets for use in
severe trauma cases. At present, platelets are stored in blood banks for a maximum of three to five
days by Federal regulation, after which they are discarded. Furthermore, the platelets are stored at
room temperature; they cannot even be refrigerated without rendering them useless therapeutically,
a phenomenon for which we have provided an explanation.181–185 There is a chronic shortage of
platelets in hospitals, and field hospitals operated by the military rarely have access to platelets at

FIGURE 14.10 Browning of dry proteins (top) and release of monosaccharides by trehalose and sucrose
during storage (bottom). 
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all. Thus, prolonging the shelf life of platelets would be a valuable contribution. There are several
properties associated with freeze-dried platelets. The dry platelets are stable for at least two years
when stored at room temperature, under vacuum; during that time we have seen no loss of platelets.19

The freeze-dried, rehydrated cells respond to normal platelet agonists including thrombin (Figure
14.12), ADP, collagen, and ristocetin in the presence of plasma proteins and physiological levels

FIGURE 14.11 Proposed mechanism for loading disaccharides into cell, based on data in reference 179.
Trehalose (solid double dots, representing two glucose monomers) and sucrose (open and solid mixed dots,
representing glucose and fructose monomers) enter the cell by fluid phase endocytosis (A) and are passed
down the lysosomal pathway (B). We suggest that the stability of the glycosidic bond in trehalose will permit
trehalose to survive at lysosomal pH, but that sucrose might be hydrolyzed. We further propose that trehalose,
sucrose, glucose, and fructose will all leak into the cytoplasm due to the known effects of pH on permeability
of phospholipid bilayers.127

FIGURE 14.12 Physiological response to thrombin in fresh and rehydrated platelets. Left: aggregometry
tracing, showing the fresh and rehydrated platelets having a similar response to thrombin. Right: effect of
thrombin concentration on aggregation. 
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of calcium.19 Studies on the morphology of the trehalose-loaded, freeze-dried, and rehydrated
platelets show that they are affected by the drying, but are morphologically similar to fresh platelets.
When they were dried without trehalose, on the other hand, most of the platelets disintegrated
during the rehydration event; however, of the small number that were left, most had fused with
adjacent cells to form an insoluble clump. We have extended the freeze-drying to mouse and pig
platelets as animal models for in vivo testing,186,187 which is underway. Results thus far show that
freeze-dried and rehydrated mouse platelets circulate in mice about 50% as long as fresh ones.

The rehydrated platelets are far from perfect; nevertheless, they show surprisingly good regu-
lation of key elements of cellular physiology such as intracellular pH (Tang et al., in preparation)
and calcium.188 For instance, when fresh platelets are challenged with thrombin, they show an
increase in [Cai] that is dose dependent.188 The rehydrated platelets show a similar response,
although it is strongly attenuated. Nevertheless, the increase in [Cai] appears to be sufficient to
trigger morphological and physiological changes necessary for coagulation.188 Furthermore, the
rehydrated platelets bind fibrinogen in the presence of thrombin at a dose-dependent rate similar
to that seen in fresh platelets,188 a requirement for clot formation.

14.8.3 FREEZE-DRYING TREHALOSE-LOADED CELLS: RED BLOOD CELLS

Preservation of RBCs by freeze-drying has received a lot of attention in the scientific literature,6–9

and two lyophilization methods have been reported.189,190 In these inventions, the cells are incubated
in a buffer containing glucose and biopolymers such as polyvinylpirrolidone (PVP), dextran, or
hydroxyethylstarch (HES) prior to freezing. Goodrich et al.6 and Sowemimo-Coker et al.7 reported
that the lyophilized RBCs exhibited moisture contents between 25 and 30%, although they showed
normal metabolic and rheological properties. More recently, Bakaltcheva et al.10,191 proposed a
method for red cell preservation based on reversible cross-linking in combination with CO treatment
before freeze-drying, along with a related method for viral inactivation.192 Despite the potential of
these latter techniques, questions regarding possible toxicity of the cross-linker and/or reducing
agents raise concerns about the applicability of this procedure, at least in its current stage of
development. Yu et al.13 showed that RBCs freeze-dried in a mixture of glucose and PVP showed
remarkably low hemolysis. This appears to be a promising procedure, but at this point only
hemolysis has been measured, so the state of the hemoglobin, metabolites, etc., is uncertain.
Furthermore, since glucose is a reducing sugar, the Maillard reaction, which leads to denaturation
of the hemoglobin, would be expected to proceed in these samples. Yu et al.13 did not report residual
water contents, but if the values are in the range of those in Goodrich et al.,189 who also used
glucose, the Maillard reaction will be a serious problem — one that could be obviated by using
trehalose instead.

As a first step toward developing a method for stabilizing red blood cells during freeze-drying,
we developed a simple method for loading them with trehalose. Unlike platelets and nucleated
cells, red blood cells do not normally have a system for endocytosis, so alternative methods were
required. Wolkers et al.193 reported that red blood cell membranes show two distinct lipid phase
transitions, one centered on about 14°C, and a second one at about 34°C. The higher transition, as
one might expect, showed an elevated fluidity, which presumably would result in increased per-
meability. Subsequently, Satpathy et al.194 found that when the RBCs were incubated in high
concentrations of trehalose (>500 mM) at temperatures above 30°C, the cytoplasmic concentrations
reached levels as high as 80 mM trehalose over a period of several hours. With careful adjustment
of the loading parameters, cells loaded with trehalose with acceptable levels of hemolysis and
metabolites were obtained. Török et al.195 have freeze-dried these trehalose-loaded cells in a
formulation of hydroxyethyl starch, human serum albumin, and trehalose to residual water contents
of 2 and 4%.

We can summarize the properties of the rehydrated cells as follows.  Rehydration of the freeze-
dried erythrocytes resulted in about 60% survival, based on the percent hemolysis. Freeze-drying

2772_C014.fm  Page 397  Tuesday, July 18, 2006  11:17 AM

© 2007 by Taylor & Francis Group, LLC



398 Advances in Biopreservation

the unloaded cells with the freeze-drying buffer decreased hemolysis significantly, but loading with
trehalose reduced it even further (Figure 14.13). The surviving cells have reduced levels of ATP
and DPG following rehydration, but they can resynthesize these metabolites when they are provided
appropriate substrates. The rehydrated cells are biconcave disks, morphologically similar to the
fresh cells (Figure 14.13) and have low levels of methemoglobin. Biochemical analyses showed
that the activities of superoxide dismutase, catalase, and acetylcholine esterase in freeze-dried RBCs
are similar to those of fresh RBCs. Secondary structure of hemoglobin, measured by FTIR, is
similar to that of fresh hemoglobin. Trehalose loading is required to achieve the stabilization of
hemoglobin.  Optimal survival was obtained when the cells were rehydrated at temperatures >30°C.
This effect is counterintuitive, but it is well known from studies on anhydrobiotes and has been
explained by studies on phase properties of membrane lipids;196,197 however, an alternative but not
mutually exclusive hypothesis has been proposed.198

14.8.4 FREEZE-DRYING TREHALOSE-LOADED CELLS: NUCLEATED CELLS

Platelets and red blood cells are admittedly specialized cells or cellular fragments, so it seemed
likely at the outset that the single variation of adding trehalose might not be sufficient to stabilize
more complex living cells. Indeed, this appears to be the case. Ma et al.98 have recently found that
when 293 cells were dried without prior loading with trehalose by the fluid-phase endocytosis they
all died at fairly high water contents (Figure 14.13). When they were loaded with trehalose survival
was extended considerably, but the cells nevertheless died when water content was reduced below
about 0.3 g H2O/g dry wgt (Figure 14.14). Thus, we have initiated studies on effects of stress
proteins on improving survival of nucleated cells at lower water contents and settled on p26, a
small α-crystallin stress protein from desiccation-tolerant Artemia cysts, discovered by Clegg and
colleagues.54,199 In Artemia, p26 protects against many different stresses.203–206 In addition, p26 has
been shown to protect synergistically with trehalose in vitro conditions54 or when loaded artificially
into mammalian cells.207 Along the same lines, Singer and Lindquist47,48 showed that trehalose acts
synergistically with heat shock proteins in protein folding.

Sun et al.205 isolated and cloned the gene for this protein, used it to transfect 293 cells, and
generously supplied us with the transfected cells. To our surprise, this protein significantly improved

FIGURE 14.13 Left: Percent hemolysis in freeze-dried RBCs. RBCs were freeze-dried either in PBS, in
freeze-drying buffer without trehalose loading, or they were loaded with trehalose and freeze-dried in the
standard lyophilization buffer. All the samples were rehydrated at 37°C. Inset: rehydrated red blood cells
previously loaded with trehalose and freeze-dried with trehalose. Right: Metabolites (DPG and ATP) in fresh
RBCs in ADSOL and after freeze-drying and rehydration. The rehydrated cells show loss of DPG but normal
ATP levels. When they were placed in PIPA, a commonly used recovery medium, the rehydrated cells
synthesize DPG and ATP. 
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the survival to low water contents (Figure 14.14), even though the levels of expression have been
very low — much less than that reported by Collins and Clegg for Artemia cysts.207 The protein
alone does nothing to improve survival; trehalose is required as well, and the two appear to act
synergistically. The effects of expression of this gene become even more pronounced in the time
following rehydration; the cells expressing p26 showed a tenfold increase in colony growth over
those without the protein. Metabolism, expressed in terms of Alamar Blue reduction, improved at
least fivefold compared with cells dried with trehalose alone (Figure 14.15).

FIGURE 14.14 Effects of progressive drying on survival of 293H cells under the indicated conditions.

FIGURE 14.15 Metabolic activity, measured by Alamar Blue reduction, in 293H cells placed in culture media
for the indicated periods after rehydration. Inset: colony counts in trehalose-loaded cells (bottom) and cells
transfected with the p26 gene and trehalose-loaded 2 days after rehydration. 
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14.8.5 THE ROLE OF P26 IN STABILIZING DRY NUCLEATED CELLS

One hypothesis is that p26 participates in modulating the structure of the sugar glass, as suggested
from the findings of Wolkers et al.208 and Buitink and Leprince.150 However, the expression levels
are so low in this case that we doubt that the protein would have much effect on the glass. We
favor instead the catalytic-like functions ascribed to stress proteins. A possible role for heat shock
proteins in the protection of mammalian cells during dehydration stress has not been addressed,
but there are indications from other organisms implicating HSPs in this regard. For instance, a
drought-resistant form of maize expresses a 45 kDa HSP that is not found in drought-sensitive
lines.209 Further, crossing the drought-resistant and sensitive lines led to F2 plants in which tolerance
to soil drying was associated with expression of the 45 kDa HSP.210 In addition, the flesh fly
Sarcophaga crassipalpis expresses two inducible HSPs (HSP23 and HSP70) during dehydration
of nondiapausing pupae.210 In diapausing pupae, these proteins are already highly expressed, and
desiccation does not cause a further increase in expression. Such pupae do not survive complete
dehydration, but Browne et al.211 recently reported the existence of a family of hydrophilic proteins
in the nematode Aphelenchus avenae (a favorite model for studies on anhydrobiosis for more than
30 years [cf. 212, 213] that is similar to the well-known LEA proteins from plants, which have
been thought to be involved in dehydration tolerance).214–219 The functions of these LEA proteins
in this regard remain far from clear — even controversial220 — but Goyal et al.221 have shown that
the LEA-like protein from Aphelenchus undergoes a transition from an unfolded state to a folded
state during dehydration. Apparently, the folded protein, which is predominantly α-helical, becomes
fibrillar during the dehydration. Since it is present at such high concentrations (80–300 mg/mL
cytoplasm), the authors speculate that the proteins might form a glass on their own or in conjunction
with trehalose, which is known to be present in this anhydrobiotic nematode.213 These fascinating
results are almost certain to be useful in stabilization of mammalian cells, even though work on
these proteins has just begun.

The most important mechanism by which heat shock proteins protect cells from various stresses
has traditionally been considered the protein chaperone function, assisting nascent and misfolded
proteins to gain their proper folded configuration.222,223 However, in anhydrobiotic organisms there
is good evidence for participation of LEA proteins in glass formation,168 and it has been suggested
that such proteins may protect cellular structures from the effects of water loss by retention of
water, sequestration of ions, and direct protection of other proteins or membranes.217–219 The
evidence for these latter suggestions is very tentative, as Wise and Tunnacliffe have pointed out.224

The same workers have recently shown that LEA proteins inhibit protein aggregation during
drying,225 a finding that seems to be consistent with the suggestion that they may participate in
glass formation.

An association of stress proteins with membranes has more recently been described, including
work from our laboratory.226–229 In fact, the “membrane trigger” hypothesis suggests that the
membrane may serve as an indicator, sensing the initial stress and leading to the expression of heat
shock proteins within the cell.230,231 Finally, in addition to the protein and membrane effects, heat
shock proteins have also been implicated in the inhibition of apoptosis232–233 and oxidative dam-
age.207,235–237 In fact, we already have some evidence that apoptosis is a major problem in rehydrated
nucleated cells (Zhu et al., in preparation), so this seems to be a reasonable hypothesis to pursue first.

14.9 SUMMARY AND CONCLUSIONS

Under ideal drying and storage conditions, trehalose is probably no more effective than other
oligosaccharides at preserving biomaterials. However, under suboptimal conditions it can be very
effective and is thus still a preferred excipient. Growing evidence suggests that additional modifi-
cations to the cellular milieu will probably be required if we are to achieve a stable, freeze-dried
mammalian cell, including expression of stress proteins, as reported here, and administration of
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antioxidants and inhibitors of enzyme activity, as described elsewhere.238,239 Thus, we have come
full circle over the past decades on the requirements for stabilization of cells in the dry state; 34
years ago, we suggested that survival of living cells in the dry state is a complex phenomenon that
is likely to involve multiple adaptations.240 The studies on living cells summarized here indicate
that the original viewpoint on this matter240 is most likely the correct one.
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