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EF600CONTROLLERATEFREEZER

The EF600 controlled rate freezers are designed to apply the basic principles of cryopreservation explained in this
guide, particularly on the subject of the temperature control (accurate and reproducible) and of the ice nucleation
Avoidance of the liquid nitrogen as cryogen minimizes any risk of contamination and allows the EF600 to be used
in clean rooms, laminar flow hoods and isolation cabinets. Additional features of this equipment include:

e Preprogrammed freezing protocols

e Data logging

e Easy access to samples for manual nucleation

e Visual control of ice nucleation

e Quiet- no noisy solenoid valves

e FEasy to clean sample holder (may Isterilised by water based disinfectant preventing cross
contamination)

e Removable sample plateshweh can either be sterilized or be used as disposables. Allows safe
cryopreservation of contaminated samples (e.g. HIV or hepatitis infected samples) or samples of unknown
microbial quality.

e O9NH2Y2YAO W.SyOK ¢21LJQ 5SaA3dy

e Portable for conservation and veirary applications

e Optional temperature logging of sample temperature for quality control

e Optional full programming to allow user specified protocols in addition teguogirammed protocols.
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INTRODUCTION TO TAHEEYMPTOTEUIDE TERYOPRESERVATION

Cryopreservation protocols are generally simple and readily undertaken in commercially available equipment.
However, an understanding of the basic principles of cryobiology is desirable to ensure that the methodology is
correctly and successfully applied ininimise cell damage during the processes of freezing and thawing.

This Guide aims to provide this understanding by explaining the physical principles underlying cryopreservation
and setting them in the context of cryobiology. Examples are presentting to embryo and spermatozoa
cryopreservation for use in In Vitro Fertilization (IVF) and Assisted Reproduction Technologies (ART) and Peripheral
Blood Mononucelar Cell (PBMCs) cryopreservation important for many clinical studies. The basic principles
described also apply to other cell types.
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PHYSICS REEZING

During freezing cells are exposed to a variety of stresses. In this section, we discuss some relevant aspects of the

physical changes that are associated with the formation of ice, firséytéimperature changes that occur, and
secondly the consequent changes in concentration of the unfrozen fraction.

The temperature changes observed during the freezing of an aqueous solution are shown below, with reference to
the welldocumented system oflgcerol and water. (Figurel).
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Figure 1. Measured temperature changes following nucleation and ice growth in an aqueous solution of
glycerol. The sample was maintained isothermally7&€ until ice nucleation was initiated (arrowed).

Water and ageous solutions have a strong tendency to cool below their melting point before nucleation of ice
occurs; this undercooling is often referred to as supercooling. In the aqueous solution of glycerol shown in Figure
1, the solution, which has a melting poiof about -1.3°C, has been maintained a&°C with no nucleation
occurring until deliberately initiated.

The tendency of a system to undercool is related to a number of factors including temperature, holding time, rate
of cooling, volume and purity fromapticulates. In the cryopreservation of cell suspensions there is a strong
likelihood of undercooling occurring in the suspending medium, and this can damage the cells in suspension (This
A& TFTAdNIKSNI SELIX FAYSR Ay (KS ofpagklliy.NIO 2witl the/damalinf RffedtsSof f
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supercooling in cells and in particular embryos, oocytes etc., it is usual to initiate ice formation in the suspending
medium in a controlled manner relatively close to the melting point. This deliberateeamimh is commonly
NEFSNNBR (G2 Fa aaSSRAy3I¢é |fGK2dzZa3KZ aiGNROGEE&es ASSRAYy3 Y

One effect of ice crystallisation in an aqueous solution is to remove water from solution. The remaining aqueous
phasebecomes more concentrated and a typhiase system of ice and concentrated solution theregists. As the
temperature is reduced, more ice forms and the residual unfrozen phase becomes increasingly concentrated. This
is illustrated in Figure 2, again foygérol and an isotonic solution of NaCl (300 mOsm).
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Figure 2. The equilibrium freezing process in an aqueous solution of glycerol (12% wi/v) in isotonic NaCl
(300 mOsm) nucleated at its melting poif2.9°C). Following ice nucleation the amount ofdcened ¢---

-) changes in a nelinear manner with temperature. The glycerol concentration of the residual unfrozen
fraction ¢----) increases as the temperature is reduced to the eutectic temperaddf€)

At temperatures between the melting point dfiis solution 2.9°C and64°C), shown in figure 2, the two phases of

crystalline ice and an aqueous solution containing glycerol and sodium chloridgisto The amount of ice

changes nodinearly with temperature, and in the case of the initial glycemmncentration illustrated,

approximately 50% of the ice forms betweeh9°C and6°C. Ice formation is an endothermic process and the

fFNBS FTNIOGAz2Yy 2F A0S F2NX¥YSR F2tft26Ay3a ydOtSIiAaz2y SELJ
where during the change of phase, the temperature decreases only slighth64_€C, the eutectic temperature,

the unfrozen phase solidifies.
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The data in Figure 2 is that of the equilibrium phase diagram: equilibrium conditions will only occur when there is
sufficient time available, for example following very slow rates of cooling such as those used for the
cryopreservation of embryos. At faster cooling rates, different-egailibrium values will exist. It may be noted

that following the formation of ice inraaqueous solution, other physical parameters of the residual unfrozen
solution may change, e.g. the soluble gas content increases resulting in the formation of gas bubbles, the viscosity
may increase dramatically and the pH changes in a complex manner.

The equilibrium relationship between glycerol concentration and temperature shown in the phase diagram is
independent of the initial concentration of the glycerol in the solution. However, the fraction of water which
remains unfrozen at a given temperatugedependent on the initial glycerol concentration as shown in Figure 3. It
may also be noted that the melting point (100% unfrozen fraction) is reduced with increased solute concentration.
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Figure 3.The effect of initial concentration on the fractioh water unfrozen following cooling below the
melting point in different aqueous solutions of glycerol. 5% glycere),(10% glycerol and 15% glycerol (
---) all solutions contain 300 mOsm NaGH).

A number of compounds, so called cryoproteetadditives, are used to reduce cellular damage following freezing
and thawing. They achieve this by increasing the unfrozen fraction at a given temperature and thereby reducing
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the ionic composition. It is clear from Figure 3 that glycerol would haveeffest. The effect on the ionic (sodium
chloride) composition during freezing of adding glycerol to the growth media is illustrated in Figure 4. Without the
glycerol, the increase in ionic composition following ice formation is dramatic arRtiOB¢ theonic concentration
reachesapproximately 3 mol/l which is, not surprisingly, lethal to cells. The other commonly employed additives
(propanediol, dimethlysulphoxide etc.) act in a similar manner to glycerol. Cells are exposed to a high
concentration of tle cryoprotective additive during freezing rather than a high ionic concentration, which is less
damaging. Cells are permeable to all of the commonly employed cryoprotective additives, and it is standard
LINY OGAOS (2 aAyOdz | S itive Befofe reeding coiniiedceOidIAILIINGR to Bt@iin And S
equilibrium intracellular concentration.
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Figure 4. The increase in ionic concentration following freezing in 300 mOsm Nagl ¢r a 300 mOsm
Nacl solution containing 5% glyceret{), 10% glycerok{---) or 15% glycerot{--).

When compared at the same (molar) concentration, all cryoprotectidditives have a very similar effect to that
described above. However the protective efficiency of these compounds may vary fretypeelb celitype: for
example it has been reported that human embryos are best frozen with propanediol whilst huastodysts are
optimally frozen with glycerol. This may be related to the relative cellular toxicity or the differing permeability of
these additives to differing cetypes, but, because experiments to compare them have been mostly carried out at
a singlefreezing protocol, the explanation may be more complex than these experiments suggest.
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THEEFFECTS HREEZING ORELLS ISBJSPENSION

This section examines the effects of freezing on cells suspended in cryoprotectants, with the special effects of
supermoling examined in detail.

It should be noted that, following ice nucleation in the suspending medium, cells in suspension are not punctured
by ice crystals nor are they mechanically damaged by ice. This is clearly shown in Video Sequence 1, which shows
the growth of extracellular ice induced at a low level of undercooling around a human oocyte.

Video sequence lwww.asymptote.co.uk/gallery/Videos/Eggs%201.mov

In undercooled solutions, ice crystals grow by the migration of water molecules to tleeystal lattice. They are
not sharp icicles pushing through the solution. The ice crystals do not penetrate the membrane of the oocyte,
rather their growth simply deflects around the cell.

Following ice formation, cells partition into the unfrozen fractiwhere they are exposed to increasingly

02y OSY(iNY SR azftdziaAzyay OStta NS y20 y2Nylftfe wOI LJdz
crystals, freeze concentrated material and cells following cryopreservation of human sperm innd St&fw is

shown in the Figures 5, 6, and 7 each with increasing magnification. These images are obtained by freeze fracture
followed by a deep etching, which reveals the structure of ice crystals, with cells entrapped within the freeze
concentrated mateal and few cell structures are evident.
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Figure 5.Cross fracture of a whole straw (0.25ml capacity) of sperm cryopreserved in glycerol; low
magnification. Etching to remove ice crystals reveals the structure of the freeze concentrated glycerol.

Figure 6.Cross fracture of a whole straw (0.25 ml capacity) of sperm cryopreserved in glycerol. Sperm tails
are shown extending from the freeze concentrated glycerol into the spaces previously occupied by an ice
crystal.
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Figure 7.Cross fracture of a whole straw (0.25 ml capacity) of sperm cryopreserved in glycerol. Frozen
sperm cell with head entrapped in freeze concentrated glycerol with tail extending into an ice void.

The technique of freeze substitution followed by sectiorshgws cells within the freeze concentrated matrix.

Figure 8.Light microscopy of a thin sectioneédre substituted straw of speronyopreserved in glycerol.
Sections through sperm cells can be seen as dark stained bodies within the freeze coulceratnate
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More detail of an area of freeze concentrated glycerol containing sperm cells is shown in Figure 9 where sections
through different parts of seven or eight sperm cells are visible.

Figure 9. Transmission electron microscopy of a thin sectioned freeze substituted straw of sperm
cryopreserved in glycerol. The freeze concentrated matrix is electron dense, due to the protein components
of eggs yolk included in the cryoprotectant. Frozen spermeat@pped within the freeze concentrated
matrix.

The above figures illustrate that cells rarely come into direct contact with ice crystals; rather they become
concentrated into the unfrozen fraction, where they are exposed simultaneously to a numbéaysital stresses.
These are listed below in Table 1.
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Stress Encountered Potential Cellular Response

Reduction in temperature Membrane lipid phase changes

Depolymerisation of the

cytoskelton
Increase in solute concentration Osmotic shrinkage
Increase in ionic concentration Direct effects on membranes,

including solubilisation of
membrane proteins

Dehydration Destabilisation of the lipid
bilayers
Precipitation of salts and eutectic Demonstrated to be damaging, but the mechanism
formation is not well defined
Gas bubble formation Mechanical damage
Solution becomes extremely viscous Diffusion processes, including
osmosis may become limited
Changes in pH Denaturation of proteins etc
Cells may become closely packed Membrane damage

TABLE{ 2YS 4iNB&aasSa SyO2dy dSNBR o6& OStta RdNAy3I aatz2s6é FNBSIAy3Io

However, it is generally considered that the osmotic response of cells is the primary determinant of viability. The
hypertonic conditions the cells encounter lead to an osmotic loss of water, the extent of which is dependent on

GKS NIGS 2F O22ftAy3ad i Wwatz2sQ NIiGSa 2F Oz22ftAy3dsx OStf a
reaching low temperatwgs, osmotically shrunken with the intracellular compartment sufficiently viscous so that

the cells eventually vitrify. As the rate of cooling is increased, there is less time for water to diffuse from the cell,

which becomes increasingly supercooled uetilentually intracellular ice formation occursthis is inevitably

lethal. Video Sequence 2 shows intracellular ice formation within a human oocyte.
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Video Sequence 2vww.asymptote.co.uk/gallery/Videos/Eggs%202.mov

With many celtypes, an optimum rateof cooling has been found for reasons that have been explained
qualitatively above.

e At rates of cooling slower than the optimum, cell death is associated with long periods of exposure to
hypertonic conditiongSa a Sy G Attt & (KS O0Stta 0S02YS aLAO|t SR

e As he rate of cooling is increased the exposure time to hypertonic conditions is reduced and damage due
to this stress component is minimised. But there is less time available for osmotic shrinkage

e Atrates of cooling faster than the optimum, cell death isaasated with intracellular ice formation

The optimum rate of cooling may be considered to be the fastest rate of cooling at which intracellular ice
formation does not occur. The response of cells to the hypertonic conditions encountered during freezing i
determined by a number of biophysical factors:

e Cell volume and surface area

e Permeability of the cell to wateg the ability of the cell to respond, by loss of water, to an increase in
extracellular concentration

e Arrhenius activation energythe temperdure dependence of the water permeability

e Type and concentration of cryoprotective additives

e Cooling rate
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Thus, to avoid the probability of intracellular ice damage to embryos, which have low surface area to volume ratio
and low water permeability, slowates of cooling are required. Other cells, with a large surface area to volume
ratio and a higher value for water permeability may be cooled faster before the intracellular compartment
becomes significantly supercooled.

Most approaches to cryopreservation have used linear rates of temperature reduction. An alternative approach
has been reported (Morris et al., 1999) which is based on the fact that most physical parameters which the cells
are exposed to during freezing yain a norlinear manner with temperature. Modifications of the freezing
process, to take more account of the parameters the cell encounters and responds to, have been demonstrated to
give better recovery on thawing than linear rates of cooling.
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SQUPERCOONG AN ELLSURVIVAL

It has been long recognized that a key factor in determining the viability of embryos following freezing and thawing
is the initiation of ice formation in the suspending medium. In a controlled series of experiments (Whittingham,
1977), embryo suspensions deliberately nucleated bel®C were found to have a low viability following a
conventional cryopreservation protocol, whilst deliberate nucleation at higherzaub temperatures-6°C to-

7.5°C) gave much higher viability onwiag (Figure 10).
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Figure 10.The dependence of the survival of mouse 8 cell embryos after seeding as a functioaesbsub
nucleation temperature (Redrawn from Whittingham 1977). Following ice nucleation the embryos were
cooled to-196°C by a convénnal protocol.

In IVF, embryos etc. are normally frozen in straws and an analysis of the spontaneous nucleation behaviour (Figure
11) clearly demonstrates that, if nucleation is not deliberately initiated, the recovery of embryos would be
expected to le very low because most of the spontaneous nucleations occur b8ty
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Figure 11.The observed spontaneous nucleation temperatures within 0.25 ml straws.

If embryos had been processed in the population of straws illustrated in Figure 11, the rnecateupon thawing
from liquid nitrogen would be predicted to be less than 20% compared with 80% if nucleation had been induced at
-6°C.

The physical basis of this injury is clear from examination of the thermal histories of supercooled straws, as shown
in Figure 12.

Current, standard practice is to cool straws initially to a temperature of ab&@, allow thermal equilibration at

7°C, then deliberately nucleate ice in the straw by touching the outside of the straw with cold forceps, cryopen or
ultrasonic probe etc. The temperature rises on nucleation to near its melting point (approxim2t€ly and then
immediately following ice formation the temperature returns, at a rate observed to be approximately 2.5°Cmin

to -7°C (Figure 12 (a)). The csllthen cooled slowly, during which cellular dehydration occurs. By contrast, in a
straw supercooled in an environment held-46°C (Figure 12 (b)), deliberate or spontaneous ice formation again
results in a temperature rise followed this time by a morgidarate of cooling (10°C mi'l) to -15°C. This rapid

rate of cooling over a large difference in temperature between the melting point and the environment does not
permit cellular dehydration to occur and lethal intracellular ice formation is themitabe.
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Figure 12a. Measured temperatures within straws during an embryo freezing protocol. During

conventional embryo cryopreservation the straws are held at a temperature 6f°C and deliberately
nucleated, the resultant rise in temperature following ice nucleasamiall.
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Figure 12b. Measured temperatures within straws during an embryo freezing protocol. In the absence of
deliberate nucleation, straws may reach much lower temperatures before spontaneous nucleation occurs.
A large rise in temperature to the melting point of the ®raging medium then occurs followed by a rapid
reduction in temperature. This rapid reaction will inevitably result in intracellular ice formation within
embryos or oocytes.
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Intracellular ice formation following extreme supercooling is illustrated in Viskeguence 3 in which a mouse two
cell embryo has been supercooled-1b°C, spontaneous ice nucleation around the cell is followed by intracellular
nucleation (cells become black due to the formation of many small ice crystals).

Video Sequence ®ww.asymptote.co.uk/gallery/Videos/Eggs%203.mov

Also note that the pattern of extracellular ice crystal growth at a high level of undercooling is very different to that
observed at a smaller\el of undercooling (as shown in the first Video Sequence 1).

Although it is standard practice to initiate ice formation in the suspending medium for embryos and oocytes, with
other celltypes this practice is not always considered essential. Howeverettovery of spermatozoa (Songsasen

& Leibo, 1977; Zavos & Graham 198&B8ythrocytes(Diller 1975), granulocytes (Schwartz and Diller 1984) and
bacteria (Fonseca et al., 2006) has been demonstrated to be improved by the controlled nucleation of ice during
cooling. Deliberate initiation of ice would be expected to maximise the recovery of all cell types and, in all cases,
would reduce any sample to sample variation.
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PROCEDURES FIGENUCLEATION

General

Many cell types are processed in a continuous pladdtiid, >0.5ml; for example sperm in straws, cell suspensions

in cryovials and bags. (For the special case of embryos and oocytes in straws, see below). To allow ice nucleation
to be induced, the sample is cooled to a temperature of 2°C to 3°C bhmwelting point of the liquid. Following
thermal equilibration at the nucleation temperature ice formation is initiated by touching the outside of the
cryocontainer with a liquid nitrogen cooled spatula, forceps, cotton bud or a nitrous oxide cryopsrcalises a

local cold spot at the wall, which leads to ice nucleation. Once an ice crystal has been formed it then propagates
through the remaining undercooled fluid. It is also possible to induce nucleation using a small ultrasonic probe
including anultrasonic toothbrush! A number of chemicals, for example purified membrane protein from the ice
nucleating bacteri@seudomonas syringaerystals of silver nitrate and certain crystalline forms of cholesterol are
known to induce ice formation in underoted fluids. In principle these may be added to a cell suspension before
freezing and ice formation will occur when the relevant temperature is reached during cadlintis case there

is no need to use any of the physical methods listed above.

Figure 13.Ice nucleation in an undercooled cryovial using a cryopen
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The special case of embryos and oocytes in straws

As described above, to obtain high viability of embryos, oocytes etc. in a cryopreservation programme, it is
essential that ice nucleation is deliberately initiated. The differences between those laboratories that achieve good
results and those that are $s8 successful can often be attributed to this simple practical step.

Most IVF laboratories freeze embryos in straws, in which the embryo is contained in a small volume of liquid, with
adjacent columns of liquid (Figure 14).

N
Air Air
StrawP
\ lug
Diluent or growth Embryos Diluent or growth
medium Cryoprotectant medium

Figure 14Schematic of straw loading for mammalian embryo cryopreservation.

Most laboratories freeze straws horizontally, whilst a few freeze straws vertically: this has no effect on viability or
ease of ice nucleation. Embryos sink in the cryoprotective additive and will be found at the wall of the straw when
frozen horizontallyor at the bottom of the column of liquid when frozen vertically. Oocytes have a lower density
and will tend to be more buoyant. Following thermal equilibration at the nucleation temperature (commGay

ice formation is initiated by touchintipe outside of the straw with a liquid nitrogen cooled spatula, forceps, cotton

bud or a nitrous oxide cryopen. This causes a local cold spot at the wall, which leads to ice nucleation. Depending
on the laboratory, ice nucleation may be initiated in the centf the column of liquid containing the embryos, at

the meniscus of this column or in the diluent or growth medium. If ice nucleation is initiated in the diluent, ice
growth propagation into the embryo containing fluid occurs via the continuous liquikwagy along the wall of

the straw.
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Immediately following ice nucleation the temperature will rise where ice has formed (see Physics of Freezing
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Figure 15. Temperature measured by three fine thermocouples placed 1 cm apart within a straw (0.5ml
capacity) containing 17.5% glycerol. Following ice nucleation successive nucleation peaks were observed
as the te front moves along the straw. Under these experimental conditions the rate of ice front
propagation was relatively slow (approximately 2 cm+hjn

Practical difficulties with ice nucleation of embryos in straws may arise from a number of points:

e Becawsse straws have a large surface area, a small diameter and a thin wall, very rapid warming occurs
when they are removed from a cold environment (Figure 16). If straws are removed from the controlled
rate freezer to initiate nucleation it is likely that themperature will rise above the melting point, thus
preventing ice formation. It may also then happen that ice can form locally at the cold nucleating tool,
whilst the temperature of rest of the fluid remains above the melting point, so preventing icéakrys
growth to propagate through the sample. In both cases actual nucleation will occur spontaneously during
the later cooling, leading to reduced viability.
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Figure 16. Measured temperature within a single straw following removal (arrowed) from a clbexr
rate freezer at7°C into ambient air at 20°C. Prior to nucleation the temperature rise within 5 seconds is
sufficient to prevent ice nucleation.

In some laboratories it is common practice to check visually that ice propagation has occurred tubugh
the sample. If straws are removed from the controlled rate cooling equipment, this in itself may cause
melting of the nucleated ice.

The thermal control of the freezing equipment may not be sufficiently accurate or stable at the nucleation
temperature(-7°C). Also any thermal fluctuations within the freezing apparatus may leadneltang of

the ice.

It has been observed in straws that ice nucleation at temperatures very close to the melting point results
in a very slow propagation of ice through tlsample. In some cases the ice propagation can actually

become blocked and embryos are then effectively supercooled and would not be expected to survive
further cooling.
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