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ABSTRACT

A cryomicroscope capable of effecting controlled freezing and
thawing processes in biological cell suspensions has been developed.

A miniature freezing and thawing system, adapted to the stage of a light

microscope, enables a broad spectrum of cooling and warming rates to be
achieved by cooling the specimen at a constant rate with a steady flow
of refrigerant fluid through the system and by simultaneously dissipat-
ing electrical energy at a variable rate in a resistance heater immersed
in the fluid stream and in thermal communication with the specimen. The
dual capability for both heating and cooling is utilized in conjunction
with an analog control system to provide for precise regulation of the
specimen temperature between 1000 K and 310 0 K at time rates of tempera-
ture change between zero and several thousand degrees centigrade per
minute. A detailed discussion of the design, construction, and calibra-
tion of the cryomicroscope is presented in this thesis.

Cell suspensions are prepared for freezing in a thin film between
glass coverslips and placed onto the low temperature stage. The freez-

ing and thawing system contains a transparent section through which the

dynamics of the cooling and warming processes can be microscopically ob-
served in individual cells.

The cryomicroscope has been employed to study two phenomena associ-

ated with the intracellular freezing of human erythrocytes. The presence
of intracellular ice within frozen cells was determined by visual examin-
ation of the cells in the frozen state on the cryomicroscope. An inves-
tigation of the physio-chemical conditions requisite for the formation
of intracellular ice indicates that the cooling rate prior to phase change
is a parameter of prime importance in regulating internal freezing. There

exists a transition band of cooling rates across which the probability of

intracellular freezing increases linearily from 0% to 100%. The upper

and lower bounds on this band are approximately -170C/min and -6
0C/min.

Surface effects of the coverslip were also shown to influence significantly
intracellular nucleation in that the magnitude of the transition band of

cooling rates is reduced from the value in the free melt.

Thesis Supervisor: Ernest G. Cravalho
Title: Associate Professor of Mechanical Engineering
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NOMENCLATURE

SYMBOL MEANING

A area

B rate of temperature change

b temperature coefficient of membrane
permeability

C electrical capacitance

C heat capacity rate

c heat capacity

D diameter

d root mean sauare deviation

e voltage

G volume flow rate

G gain

h heat transfer coefficient

K thermal conductivity

K thermal diffusivity

k membrane permeability

L length

L molar heat of fusion

1 dimension

m mass flow rate
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SYMBOL MEANING

n number of moles

Nu  Nusselt number

P power

p pressure

Q heat flow

q heat flow, rate

R gas constant

R electrical resistance

Rey Reynolds number

T temperature

t time

U overall conductance for heat transfer

V volume

V voltage

v molar volume

X mean value

x linear coordinate

oc see equation (1.2)

see equation (1.2)

E see equation (1.2)

E thermal efficiency
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SYMBOL MEANING

see equation (1.2)

Snondimensional temperature

viscosity

Sdensity

inverse temperature

nondimensional volume

Scoefficient
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OBJECTIVE

The objective of this thesis is to investigate the

occurrence of intracellular ice in frozen human eryth-

rocytes. A two phase program of investigation will be

employed to accomplish this objective: first, an

experimental apparatus will be developed, capable of

detecting the presence of intracellular ice in frozen

cells with a high degree of reliability; and second,

the conditions requisite for the formation of intra-

cellular ice will be identified.
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CHAPTER 1

Definition of the Problem

A. Introduction:

Man has been intrigued by the idea of investi-

gating the effects of subfreezing temperatures on liv-

ing systems for several centuries. Robert Boyle pub-

lished the first written account of low temperature

biological research in 1683, ( 1 )describing his experi-

ments on the freezing and thawing of various foodstuffs,

including meat, eggs, and fruit. He found that fish

and frogs could survive short periods of time in the

frozen state provided their bodies were not frozen

completely through. During the following 250 years

an ever increasing number of scientists became con-

cerned with the consequences of low temperatures for

living organisms. For the most part, the results of

their work were discouraging and few advancements of

lasting significance emanated from these efforts.

The modern era in cryobiology can be marked from the
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publication of two classic monographs, by Belehradek

in 1935,(2)and Luvet and Gehenio in 1940,(3)which

comprehensively summarized the work of these early in-

vestigators and established a basis for the subsequent

development of theories describing the lethal effects

of ice.

Interest in the preservation of biological systems

by freezing was intensified in 1949 by the report of

Polge, Smith, and Parkes(4)that the addition of glycerol

to a suspension of spermatozoa prior to freezing pro-

duced a dramatic increase in the post-thaw viability

of the cells. This remarkable and historic discovery

directly led to the application of a large body of know-

ledge, previously of relevance only to laboratory systems,

to the practical problems of cell and organ preserva-

tion in clinical medicine. The technique of prefreez-

ing addition of a cryophylactic agent was soon adapted

to many other cell types, including blood. (5 ) The

first clinical transfusion of frozen red cells was per-

formed by Mollison and Sloviter in 1951.(6) Sub-

sequently, an enormous expenditure of effort by a large

number of investigators culminated in the development
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of acceptable techniques for the cryopreservation of

many biomaterials, including red cells,*(7-10)sperm-

atozoa,(ll)cornea,(12)and skin.(13) Endeavors at

freezing other biological systems have, however, pro-

duced less gratifying results. Platelets,( 14 )leuco-

cytes,( 1 5)bone marrow,(16)and heart tissue,(17)have

been stored with only marginal degrees of success. Due

to complexities introduced by the system geometry,

organ preservation presents a vastly more complex set

of problems which have defied solution to this date.

This discrepancy in the measures of success of low

temperature storage techniques in various biological

systems can be attributed to a general lack of under-

standing of the basic physio-chemical events associated

with the freezing and thawing of cells and how they

are related to the mechanisms of cellular necrosis.

The interactions that occur in a cell and its environ-

ment during the freezing and thawing processes are

A review of human erythrocyte preservation by freez-
ing and a rationale for frozen blood preservation are
presented in Appendix A.
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highly complex and, in many instances, intimately in-

terrelated, thus rendering attempts at comprehensive

analysis very difficult.

A multitude of hypotheses have been postulated to

explain the mechanisms of cell injury. Many conflicts

and contradictions exist among the proposed theories

concerning crucial concepts, and no single theory has

proved adequate in explaining freeze-thaw injury by

itself. Although most fundamental issues related to

freezing injury presently are unresolved, one common

point of agreement among the various hypotheses is

that the presence of ice plays an important role in

determining the consequences of freezing and thawing

living cells.

The occurrence of cellular damage can be corre-

lated generally with the physical structure of ice

formed during freezing. Two configurations of ice

formation are important in biological materials: at

slow cooling rates ice forms only extracellularly,

whereas at rapid cooling rates ice forms both extra-

cellularly and intracellularly. The study of freezing
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processes can be divided accordingly into two cate-

gories, one pertaining to slow cooling rates and the

other to rapid cooling rates.

A major portion of previous research devoted to

the study of freezing processes in biomaterials has

been focused upon clarifying the nature of phenomena

that occur at slow cooling rates, for which no intra-

cellular ice is formed. This imbalance of effort can

be attributed to two factors. First, the range of

cooling rates most readily achieved in both research

and clinical practice favor the likelihood of extra-

cellular ice formation. The study of intracellular

ice has been impeded by the unavailability of experi-

mental hardware capable of effecting this ice structure.

Second, greater interest has been exhibited in the

consequences ascribed to extracellular ice because of

the frequent incidence of this mode of freezing in the

present methods of cell preservation. Consequently,

to date there has been only a relatively low level of

effort devoted to investigation of the effects of intra-

cellular ice attendant to higher cooling rates. These
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few studies have demonstrated, however, that intra-

cellular ice can exhibit a profound influence on the

survival rate of frozen cells. For this reason, it

is of great importance that the event of intracellular

ice formation and the physio-chemical conditions that

contribute to its occurrence be clarified. The sub-

ject of this thesis is directed toward phenomena

associated with intracellular ice formation.

B. Prior Research Related to Intracellular Freezing:

The experimental problems of primary concern

in the present work are first, determination of the

physio-chemical conditions requisite for the formation

of intracellular ice, and second, detection of the

presence of ice inside of frozen cells. This section

will present a synopsis of the current state of know-

ledge concerning these two areas.

It is generally believed that the major parameter

governing the probability of formation of ice inside

cells is the rate of cooling prior to the phase trans-

ition from liquid to solid. At high cooling rates,

the probability of intracellular crystallization is
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greater than that associated with low rates of tem-

perature change. Previous experimental evidence sug-

gests the existence of a transition range of cooling

rates below which the probability of intracellular ice

nucleation is virtually zero. (18) Many investigators

have hypothesized that freezing procedures which result

in the formation of intracellular ice are usually more

damaging to cells than those in which intracellular

ice is avoided. If this is actually the case, it is

highly important to determine the transitional range

of cooling rates above which intracellular ice is

likely to occur in order to control most effectively

the degree of injury incurred by the cells during

freezing and thawing.

It is quite likely that the conditions requisite

for intracellular nucleation are also functions of

other parameters in addition to the cooling rate.

Mazur(19)has developed an analytical model in which the

probability of a cell freezing internally is dependent

upon the degree of supercooling. Other influential

parameters may include surface effects related to the
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proximity of solid substrates,(2 0, 21 )physio-chemical

properties of the plasma membrane prior to freez-

ing,( 22 ,23)the presence of intracellular heterogeneous

nucleation sites,( 24 )cell geometry,(19)increased con-

centrations of intracellular solutes due to the loss

of cell water,(2 5 ,26 )and the presence of a cryo-

phylactic agent. (27 )

Mazur's model describes the relationship between

the transition cooling rate for internal ice nucleation,

the ratio of the volume of the cell to its surface area,

and the permeability of the plasma membrane to water,

as expressed in equation (1.1).

Te b(T9 -T) da V (T+ Ieb(T -T)
di T

AR kgn,2 T _VV L, A k)
B(V+n vo V dT Bv,
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where b = temperature coefficient of membrane per-
meability

kg = membrane permeability at temperature T
nz = osmoles of solute in the cell
t = time
v1 = molar volume of pure water
A = area of cell protoplast
B = rate of temperature change
Lf molar heat of fusion of ice
R gas constant
T = temperature
Tg = temperature at which permeability coeffic-

ient is defined
V = volume of water in the cell

The stated assumptions for equation (1.1) include:

the protoplasm behaves as an ideal dilute solution,

i.e., it obeys Raoult's law; the cell and the external

medium constitute an isothermal system; the plasma mem-

brane remains intact and is permeable only to water;

the cooling rate is constant; the membrane area remains

constant; and, the temperature coefficient of membrane

permeability is fixed. Equation (1.1) is cumbersome

to handle, both in solution and in application. Ling

and Tien(28)have made mathematical modifications to the

equation so that it can be expressed in nondimension-

alized terms. The nondimensional groups are



t-T

Cp ? Y VVi V
][ ARkT ] e [••

]i T

where Cp = difference between the molar heat capa-
cities at constant pressure of water and
ice

Tf = freezing temperature of protoplasm
Vi = initial volume of intracellular water

and the nondimensional form of equation (1.1) is then

daez  + [(1-) + E+n(1- J ) dee

(1.2)

for 9<<1, equation (1.2) is subject to the following

initial conditions

and e=0 • a = OI CA0

24.

o(- bk I

i- VY~vi

9 =O, ) := O



Analytic solutions may be obtained for equation (1.2)

under certain limiting conditions. Ling and Tien

consider four such sets of conditions (E«<< 1, >> 1,

'(< ~, and 17=0), each of which corresponds to a parti-

cular set of physical circumstances. The reader is re-

ferred to the original papers(19,28)for a more detailed

description of this analytical tool. Also, a further

discussion of the approach adopted by Ling and Tien

is presented in Appendix B.

The aforementioned model is based on the premise

that the contents of the cell are in a supercooled,

metastable thermodynamic state at subfreezing tempera-

tures. The initiation of a transformation from a

metastable to a more stable phase is termed nucleation.

This phenomenon is illustrated in Figure 1.1. The

nucleation temperature (Tn) of the system is lower than

the melting temperature (Tm), the difference AT being

defined as the supercooling. The degree of supercool-

ing depends upon several factors, most important of

which is the time rate of change of temperature for

the cell contents. This fact is demonstrated for red

blood cells in Figure 1.2, from Mazur.,(g) The percentage
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of the initial volume of water remaining within the

cell at any given temperature is plotted as a function

of the cooling rate. The equilibrium curve derived

from equation (1.1) for very small values of dT/dt

denotes the water content of a cell cooled sufficiently

slowly so that chemical equilibrium is continuously

maintained with the extracellular medium via the osmo-

tic loss of cell water through the plasma membrane.

The degree of supercooling is measured as the hori-

zontal distance at any point on a cooling rate curve

to the equilibrium curve for the same cell water con-

tent. In attaining the stable equilibrium state, intra-

cellular liquid will tend to equilibrate with extra-

cellular ice, either by flowing through the cell mem-

brane to the surrounding medium or by undergoing a

phase change to the solid state. At higher cooling

rates, less time is available at any given temperature

for the cell to attain chemical equilibrium osmotically,

with the result that the degree of supercooling of

the intracellular water becomes increasingly greater.

Mazur has hypothesized that there exists a critical

degree of supercooling between -100C and -150 C such
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that for supercooling in excess of this critical value,

the cell water attains stable equilibrium by internal

freezing. It is Mazur's conjecture that when the

system reaches this thermodynamic state, internal ice

is seeded by the penetration of extracellular ice

through the cell membrane, and that this seeding is

only possible because the cell membrane becomes per-

meable to the growth of ice crystals at the appro-

priately high degrees of supercooling. Equation (1.1)

may be employed to predict the critical cooling rate

above which intracellular ice will be formed. As a

consequence, the relative terms, rapid and slow cooling

rates, can be quantified. Although analytical solu-

tions to equation (1.1) exist for certain restricted

conditions, numerical solutions are not readily

obtained for most cell types since quantitative data

for the various physical parameters is often difficult

to measure. Limited data is available to test this

model for sea urchin eggs,(29)yeast,(3 0)and human

red cells. (31 ) In these particular cases a computer

has been employed to obtain numerical solutions which

predict the occurrence of intracellular freezing at
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cooling rates faster than -10C/min, -10oC/min, and

-5000 0 C/min respectively for the eggs, yeast, and red

cells. This increase in the transition cooling velo-

city can be attributed in part to similar increases in

the permeability of the plasma membrane to water and

in the surface to volume ratio of the individual cell

types. Very little experimental evidence is avail-

able to corroborate the validity of this model. The

above predictions have been confirmed under certain,

specific experimental conditions,(32' 33 )whereas

under other conditions evidence is available which

quantitatively contradicts this model. (34 ,35 ) There

are several factors which could account for this dis-

crepancy. The physio-chemical assumptions inherent in

the analytical model are not always satisfied in the

actual system. For example, the assumption of a truly

isothermal thermodynamic system is known to be in-

herently inaccurate, the significance of which may

vary according to the particular system under considera-

tion. Other assumptions which are most likely to lead

to erroneous results include: the cooling rate is
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constant with time; the protoplasm behaves as an ideal

solution; the temperature dependence of membrane permea-

bility can be characterized by the equation k=kgeb(T-Tg)

the plasma membrane area remains constant and is per-

meable to water only; and, the intracellular and extra-

cellular fluids act under the influence of a vapor

pressure gradient.

An inherent assumption in this analysis which has

not been explicitly stated is that the cell can be

modeled as a lumped mass system for which the resis-

tance to mass transfer is far greater across the plasma

membrane than in the cyt~nlasm and extracellular fluid.

As is pointed out by Riggs,(36) this assumption re-

quires that the diffusion of any mass component through-

out the cell be rapid enough so that the concentration

of each component must be uniform both within and with-

out the cell. It does mean that a small increment in

the concentration of a component in any part of the

cell must quickly permeate the entire cell so that the

concentration at all other points will undergo a pro-

portional increase. The high permeability of the

erythrocyte membrane to water transport renders the
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validity of this assumption questionable for red

blood cells,

The proximity of a solid substrate to a frozen

cell has been demonstrated to result in the intra-

cellular nucleation of ice at cooling rates more than

an order of magnitude less than the transition rate

predicted by equation (1.1). The formation of intra-

cellular ice in human erythrocytes frozen in thin

films between glass coverslips has been observed at

cooling rates as low as -100 C/min to -100C/min.(35 )

Two possible explanations can be offered to account

for this phenomena. First, since freezing occurs in

biomaterials by heterogeneous nucleation, the presence

of a glass substrate might provide a nucleation sur-

face such that extracellular freezing would be init-

iated at a smaller degree of supercooling than would

be the case in a free standing melt. Under these

conditions, the intracellular fluid might in turn be

forced to stable thermodynamic equilibrium by freez-

ing for slower cooling rates (i.e., a smaller degree

of supercooling) than normally occurs. A second

possibility is that the proximity of a solid substrate
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significantly reduces the time of crystal growth in

the extracellular medium and consequently decreases

the time available at any given temperature for cells

to attain equilibrium osmotically. Thus, because of

the reduced equilibration period, the cells would be

subject to the conditions requisite for intracellular

freezing at much lower cooling rates than in a free

suspension. Lindenmeyer, et.al.(20)have observed a

progressive increase in the rate of growth of ice

crystals in supercooled water from a free volume, to

a glass substrate, to a brass substrate. This phen-

omenon is explained in that the rate of growth of

ice in water is limited by the rate of conduction of

the latent heat of fusion away from the phase inter-

face, both for free growth and for growth on a solid

substrate. The faster growth in the latter instance is

caused by the proximity of the substrate acting as a

heat sink.

Another parameter which could influence the condi-

tions required for intracellular nucleation is the pre-

sence of a cryophylactic additive. It has been amply

demonstrated (especially for the human erythrocyte)
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that the survival rate of cells frozen by rapid cooling

can be altered significantly by the addition of a wide

variety of compounds, including polyvinylpyrrolidone

(PVP), 37 )dextran,(38 )and glucose.( 39) However the

mode of action of additive compounds upon frozen cells

is not understood. Very few attempts have been made

to determine how protective additives influence the

formation of intracellular ice. There is a general

concurrence that additives act to hinder the nuclea-

tion of ice inside of cells, which in effect in-

creases the degree of supercooling that can occur

before intracellular ice forms. Smith and Smiles (40 )

observed that a variety of cell types, suspended in

a glycerol solution, did not contain internal ice

when frozen at cooling rates rapid enough to produce

internal ice in nonglycerolized freezing. An excep-

tion to this observation was very large spermato-

cytes which did freeze internally at the predicted

cooling rates. Luyet and Rapatz noted that the nuclea-

tion and growth of ice crystals is strongly hindered

by additives. (41 ) However, they also observed by

light microscopy(4 2 )and electron microscopy(43)that

intracellular ice does occur in frozen erythrocyte
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suspensions containing glycerol. Smith et.al.(44)and

Diller and Cravalho(45)have verified this finding by

light microscopy. In their electron microscopy study,

Rapatz and Luyet demonstrated that ice particles, both

intracellular and extracellular, become gradually

smaller in increasing concentrations of glycerol.

Mazur has shown that inorganic salts protect yeast

partially against injury from intracellular ice.
(46 )

He hypothesizes that the mode of protection is by

cellular dehydration by extracellular salts, thereby

reducing the probability of intracellular freezing.

All of this experimental data, taken together,

points to the supposition of Lusena (47)that cryophy-

lactic additives do affect the conditions for intra-

cellular ice formation by increasing the degree of

supercooling that can be tolerated by a cell before

stable equilibrium is attained by internal freezing.

It must be emphasized, however, that this concept is

entirely hypothetical, and both qualitative and

quantitative verification are lacking.
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C. Techniques for Detecting the Presence of

Intracellular Ice:

A fundamental difficulty associated with the ex-

perimental study of intracellular ice is the detection

of this ice form. Various methods of approach have

been employed to solve this very difficult experimen-

tal problem. The technique used most frequently

utilizes microscopy in an attempt to "see" ice cry-

stals in frozen cells.

In 1897, Molish 8)became the first person to

directly observe, at the microscopic level, the

freezing of living material. He froze Amoebae and

plant tissue by immersing his light microscope directly

into an ice chest, where he could watch the dynamic

events of the freezing process and, upon return of

the microscope to the room environment, the thawing

process. Thus was born the technique of cryomicro-

scopy. Although the apparatus was inconvenient to

use and afforded virtually no control over the speci-

men temperature and its time rate of change, Molish

was able to observe that when filaments of Spirogyra

were frozen, a crust of ice formed around the outside
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of each filament. He could not detect the presence

of any ice within the individual cells, and concluded,

therefore, that the water from which the ice was

formed leaked out through the cell walls and was

frozen extracellularly.

Weigand, in 1906, microscopically investi-

gated the freezing of buds. He chose to effect

freezing in the specimen by moving his microscope

out of doors during subzero weather. Ice was observed

to form inside cells following various degrees of

supercooling, ranging between -180 C and -260 C.

Schander and Schaffnit( 50)built the first cryo-

microscope with a cold chamber mounted on the stage.

The chamber and specimen were cooled by a refrigerant

stream of cold CO2 gas, thereby providing a degree

of temperature regulation previously unknown. This

apparatus was used to observe the formation of a

layer of ice on the inside of frozen plant cells.

Although these early investigators realized only

limited success in obtaining experimental data, their

efforts did illustrate the capability of the cryo-

microscope to enhance the scope of certain aspects
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of low temperature biological research. The technique

of direct microscopic observation of freezing and thaw-

ing processes has been subsequently pursued by many

investigators, employing a wide variety of approaches

to cooling the specimen and regulating its tempera-

ture. (51 -65 ) One of the most ingeneous of the early

systems was built by Mason and Rochow at Cornell

University in 1928. (54 ) Their apparatus consisted of

a light microscope with a modified cold stage employ-

ing a circulating refrigerant and devices for con-

trolling very accurately the specimen temperature down

to -250 C at moderately rapid cooling rates. More re-

cent systems have attempted to extend the range of

specimen temperatures and time rate of temperature

change with only limited success. In general, it

has been necessary to make sacrifices in the capability

for microscopically observing cells during freezing

and thawing in order to improve the degree of control

over the specimen temperature. Indeed, many systems

have not even been capable of achieving the thermal

conditions requisite for the formation of intracellular

ice. Some investigators have, however, produced very

beautiful photomicrographs which appear to illustrate
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clearly the presence of ice particles inside forzen

cells.(53,55,58,6 4 ,65) These observations have pro-

duced evidence which strongly supports the conten-

tion that ice can be present inside cells under

special freezing conditions. The technique of cryo-

microscopy has thus proved to be a most useful tool

for detecting intracellular ice. The use of the cryo-

microscope does have an inherent drawback, though,

in that a significant degree of interpretation is

required to evaluate the pictorial data obtained by

this method. The experience of the investigator is

an important factor in the ability to distinguish

between actual ice crystals and artifacts created

by the experimental technique. Luyet, who can claim

the most extensive experience in the world with cryo-

microscopy, has questioned recently the identifica-

tion of intracellular ice by this technique, in that

it is difficult to distinguish whether ice crystals

are actually within or above the frozen cells.(42)

He notes that in some instances it seems quite clear

that unfrozen cells are covered by films of ice of

criss-crossed structure.
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D. Problems Encountered in Measuring and Defining

the Thermal Parameters of Freezing and Thawing:

An additional problem which has hindered the

correlation of intracellular ice formation with cooling

rates is the lack of uniformity among the various in-

vestigators in their approach to defining, measuring,

and controlling the rate of temperature change during

cooling. These three items will be considered in-

dividually. Several methods have been used to define

cooling rate for any given temperature time curve.

First, an averaging technique may be employed in which

the cooling rate is defined by the two end point

temperatures and the time required to traverse

between them. This is the most commonly employed tech-

nique, although there is considerable variation in the

end point temperatures chosen. A major drawback to

this technique is that in using only an average value

for the cooling rate, important information describing

the freezing process may be lost. For example, the

cooling rate at a given temperature, such as at the

liquid-solid phase change, may be significantly dif-

ferent from the average value between ambient and

storage temperatures and considerably more important
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in determining the survival rate of frozen cells. Thus,

the value of a potentially significant parameter may go

undetected.

Other techniques for measuring the cooling rate

include using either the maximum value that is attained

or the rate at some given temperature. None of these

three techniques when used by itself yields complete

data describing the time rate of temperature change,

unless it is constant through its complete range.

This gives rise to two difficulties in comparing the

data of various investigators: the data may not be

based on similarily defined cooling rates, and the

measured rates may vary in their degrees of revel-

ancy to the phenomena being described.

The measurement of temperature and its time rate

of change has been a continuing source of difficulty

to cryobiologists. Problems may arise in three aspects

of these measurements. The first difficulty concerns

the accurate detection of the actual specimen tempera-

ture with an appropriate sensor. Typically, thermo-

couples are used for this purpose. The primary limita-

tion of thermocouples for measuring temperatures of
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cell suspensions is that they are capable of detecting

only an average temperature of the specimen. It is

not possible to sense the spatial temperature gradients

that exist intra- and extracellularily and across the

cell membrane. Thus a great deal of pertinent informa-

tion concerning the temperature history of the speci-

men is lost due to insensitivity of the measuring

technique. To date there has been no experimental

method devised capable of measuring these small

scale temperature gradients within and across indivi-

dual cells. The challenge of accomplishing this task

is very great indeed since it would require the detec-

tion of a temperature difference across a space of

approximately 1 micron.

A second difficulty in temperature measurement

can be attributed to inadequacies in the readout

device. This situation is often most critical when

large thermal transients are being measured. Re-

cording instrumentation having a very short response

time is required to follow the time response of the

temperature in these situations.
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The third difficulty in accurately sensing tem-

perature can be caused by large scale temperature grad-

ients within the specimen. This effect is particularly

pronounced in the freezing of large specimens, such as

tissues and organs, in which the surface to volume

ratio is small. Since the thermocouple is capable

of measuring only a localized bulk temperature, there

may be at any given time a large variation in both

temperature and time rate of temperature change through-

out the specimen. Thus the recorded time-temperature

curve can not be assumed to represent that of the en-

tire specimen, and errors will result when experimental

results are assessed on the basis of such an averaging

assumption. Analytical models of the pertinent heat

transfer processes can be developed to describe the

spatial and temporal temperature variations in the

specimen.(66 ) The accuracy of these models is limited

by the knowledge of the thermal properties of the bio-

material being frozen.



E. Summary:

A majority of prior research in cryobiology has

not dealt with the formation of intracellular ice and

its consequential effects on the survival of frozen bio-

materials. As a result very little progress has been

made toward understanding the phenomena associated with

this type of freezing. Nonetheless, evidence has been

produced which conclusively supports two postulates:

first, ice does form inside of cells in suspension for

certain limited conditions of freezing; second, the

presence of ice within a cell in the frozen state almost

invariably results in injury upon thawing. Because of

the latter phenomenon, it is important to define the

conditions requisite for the formation of intracellular

ice in order to control the survival rate of frozen bio-

materials.

There has been essentially no experimental work

directed toward determination of the physio-chemical

requirements for intracellular freezing. An analytical

model has been proposed that describes the critical pro-

cesses controlling intracellular nucleation as a com-

petitive balance between heat and mass transfer across
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the cell membrane that is regulated by the magnitude

of the cooling rate.(19) However, the validity of this

analysis has yet to be demonstrated by experimental

evidence. Three factors which have contributed heavily

to this paucity of data are: difficulty in effecting

the conditions necessary for intracellular freezing,

lack of reliable methods for detecting the presence of

an ice phase within a cell, and uncertainty in measuring

and controlling the cell temperature and its time rate

of change.

In ligiht of this background, it is proposed to mod-

ify the stage of a light microscope with a low temperature

freezing and thawing system that incorporates the capa-

bility for minimizing the above three restrictions. In

this manner it will be possible to accurately measure

the conditions for intracellular freezing and to obtain

an experimental indication of the validity of the theory

that competing heat and mass transfer processes regulate

the incidence of intracellular freezing. The design and

construction of this apparatus, and experimental data

having a direct bearing on the above biological problems

are discussed in this thesis.
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CHAPTER 2

Experimental Approach

A. Rationale:

As described in the previous chapter, limited

prior investigations into the effects of intracellular

ice formation indicate that (a) it does occur, (b) its

presence has a significant effect on the survival of

frozen and thawed cells, and (c) very little detailed

information is available concerning the conditions

for its formation and the nature of its interaction

with biological cells resulting in injury. Two areas

of fundamental importance to intracellular freezing

which require further experimental clarification are:

(a) accurate detection of the presence of ice inside

of biological cells, and (b) control of the parameters

which govern the conditions requisite for the forma-

tion of intracellular ice.

The problem of detecting the presence of intra-

cellular ice has been approached with a number of ex-

perimental techniques. The most straight forward

method is to try to "see" ice crystals inside of frozen
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cells. Several techniques have been employed to

look at frozen cells including electron microscopy,(
67 70 )

x-ray analysis, (71-7 2) and light microscopy, the lat-

ter being the most direct method. Light microscopy

has important advantages over the other two techniques

in that (a) dynamic observations of the freezing and

thawing processes can be made as opposed to only a

static pictorial record taken at a specific point in

time, and (b) the technique of observing the cells is

more direct and, as such, less likely to introduce

artifacts into the final visual output.

A program of study has been adopted to facilitate

the investigation of phenomena associated with the

intracellular freezing of biological cells. This pro-

gram employs a cryomicroscope with the capability for

investigating a range of cooling and warming rates signi-

ficantly larger than has previously been possible by

cryomicroscopy, and an automatic temperature control

system which can regulate very accurately the specimen

temperature and its time rate of change, within the

heat transfer limitations of the apparatus. The cryo-

microscope is the key component of the experimental
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system because it permits direct investigation of the

actual dynamics of the physio-chemical processes

associated with freezing and thawing.

The design of the total system was dictated in

part by the experimental procedure to be employed in

the program of investigation. The active role of any

individual parameter in governing freezing and thawing

processes can be ascertained most effectively when it

is isolated from the influence of all other perti-

nent parameters. This condition can be satisfied by

independently controlling the value of each individual

parameter, provided no coupling interactions occur.

For example, evaluation of the role of the cooling

rate in causing intracellular ice formation in a

frozen suspension of erythrocytes depends on the mini-

mization of variations in intracellular nucleation

attributable to all other influences. This experi-

mental objective can be realized by measuring the fre-

quency of intracellular crystallization as the cooling

rate is systematically varied within a selected range

of values, with all other relevant parameters held



constant. Thus, to attain the precise degree of re-

gulation of specimen temperature and cooling and warm-

ing rates requisite for utilization of the afore men-

tioned experimental procedure, an automatic temperature

control system was adapted to supplement operation of

the cryomicroscope.

The design of the cryomicroscope and the ancillary

temperature control unit will be described in the fol-

lowing section.

B. Apparatus:

A cryomicroscope and analog temperature control

system, shown schematically in Figure 2.1, have been

fabricated to incorporate specifically the experimental

capabilities set forth in the rationaleO* A special

thermodynamic system, capable of effecting controlled

freezing and thawing processes in biological cells,

was made to fit onto the stage of a light microscope.

A broad spectrum of cooling and warming rates can be

achieved in the test specimen by cooling the system

* A detailed description of the cryomicroscope design
is presented in Appendix C.
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at a constant rate with a steady flow of refrigerant

fluid through the device and by simultaneously dis-

sipating electrical energy at a variable rate in a re-

sistance heater immersed in the fluid stream and in

thermal communication with the specimen. The maximum

cooling rate in the specimen is reached by dissipat-

ing essentially no electrical energy in the heater

whereas the maximum warming rate is reached by re-

ducing the refrigerant flow rate to zero and dissipat-

ing electrical energy at the highest rate consistent

with heater integrity. A detailed heat transfer

analysis of the thermodynamic system is presented in

Appendix D.

The design of the thermodynamic system is illus-

trated schematically in Figure 2.2. The system con-

sists of a stainless steel chamber, 7/16 inch square

by 9/32 inch thick, fabricated from a 0.020 inch thick

sheet. Stainless steel refrigerant intake and exhaust

tubes, of 4 inch outside diameter and 0.019 inch wall,

are silver soldered to the chamber. Quartz windows

0.0065 inches thick are permanently sealed by epoxy

(equal parts of Epon 828 Resin and Epon Curing Agent
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V-25) impregnated with copper powder, over the view-

ing openings cut into the top and bottom faces of the

chamber. Quartz is used as the material for the win-

dows in preference to glass because of its superior

optical quality. A deflector mounted inside the cham-

ber at the intake tube directs the impinging refri-

gerant stream against the bottom side of the top win-

dow to enhance the convective component of heat trans-

fer.

The resistance heater consists of a thin, trans-

parent tin oxide coating deposited on the under side

of the top quartz window. By varying the thickness of

this electrically conductive coating, the desired heater

resistance can be achieved. The resistance is essen-

tially independent of temperature between 3100 K and

770 K, and is typically fixed in the range of 50-100

ohms in order to best match the other components in

the electrical circuit. Precoated glass sheet may be

obtained commercially from the Corning Glass Works,

Corning, New York. The quartz windows for this sytem

were coated in the Cryogenic Engineering Laboratory,

M.I.T. The technique for preparing and applying the



conductive coating is described in Appendix E. Cop-

per electrical leads are attached to the coated sur-

face with Dynaloy 350 solderable silver paint* and

connected to the temperature control system.

The chamber assembly is mounted in a phenolic

block attached to a standard Leitz traversing mechan-

ism with two degrees of motion in the horizontal

plane (see Figure 2.3). The low thermal conductivity

of the phenolic block serves to isolate thermally the

low temperature portion of the stage from the micro-

scope body. The complete unit is bolted to a standard

stage base and mounted on a Zeiss Universal light mic-

roscope.

The specimen to be viewed can be mounted on the

low temperature chamber in two ways. It may be placed

directly on the top chamber window and then covered

with a coverslip of the appropriate thickness, or it

may be placed as a film of cells between two coverslips

to form a sandwich which is then placed on the top

chamber window. The first method is preferred in that

available from Dynaloy, Inc., 408 Adams Street,
Newark, N.J., 07114



Figure 2.3. Bottom View of Low Temperature Chamber
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it minimizes the effective specimen thermal mass and

thermal resistance between the refrigerant and the speci-

men; however, it does have the disdavantage that it is

more difficult to prepare than by the latter method.

Ease of preparation dictates that the two coverslip

technique be most frequently employed. Regardless of

which method is used, the top coverslip contains a

small pocket etched out with hydroflouric acid and fit-

ted with a copper-constantan thermocouple, 0.002 inch

wire diameter. The small diameter of the wires is

crucial in order to minimize the thermal mass and

hence, the thermal response time of the thermocouple.

The output of this thermocouple, which can be displayed

on an oscilloscope, oscillograph, or strip chart

recorder, serves as a measure of the bulk average tem-

perature of the specimen.

The microscope is fitted with a long working dis-

tance (7mm) condenser, Zeiss model IV Z/7, equipped

for phase microscopy. The specimen is viewed with a

phase contrast 63X, 0.90 NA, Neoflnar Zeiss dry
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objective with a working distance of 0.12 mm.* A

dry objective is used in preference to oil immersion

to avoid the phase change that would occur in the im-

mersion oil at subfreezing temperatures and to mini-

mize the effective thermal mass of the specimen. With

this objective the maximum useful total magnification

is limited by resolution considerations to approxi-

mately 1000X. The objective, condenser, and thermo-

dynamic system are enclosed in a transparent plastic

housing in which a slight positive pressure of dry

helium gas is maintained in order to prevent the con-

densation of water vapor on the specimen and to reduce

the thermal contact resistance between the specimen

coverslip and the low temperature chamber. It is

demonstrated analytically in Appendix G that helium

functions effectively in this latter capacity.

* There was initial concern that the close proximity
of the objective to the low temperature stage would
cause damage to the objective by thermal stresses.
A series of tests was performed on an objective to
determine the effects of exposure to both subfreez-
ing (00 C)temperatures and rapid rates of temperature
change. The objective survived the most strenuous
conditions, that being rapid immersion into a stream
of pressurized LN2, without damage. A detailed
account of this series of tests and the results are
presented in Appendix F.



58.

A photograph of the cryomicroscope as described

above is shown in Figure 2.4.

Compressed, dry helium gas, refrigerated by

passing through a liquid nitrogen bath heat exchanger,

is piped directly to the intake tube of the low tem-

perature chamber. The flow rate of refrigerant is

controlled by throttling the helium from a standard

compressed gas cylinder through a pressure regulator

and a needle valve. The refrigerant temperature can

be regulated by both the flow rate of helium gas and

the LN2 level in the heat exchanger. The exchanger

was designed to achieve a maximum temperature drop of

190PC at a total refrigerant flow rate ofl80ft.3/min.*

A photograph of the heat exchanger illustrating the

liquid nitrogen bath and the tubing through which

the helium gas flows is shown in Figure 2.5.

A temperature feedback control system is employed

in conjunction with the cryomicroscope to achieve a

broad spectrum of constant cooling and warming rates

* The design calculations for the heat exchanger are
presented in Appendix H.
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and storage and thawing temperatures in the specimen,

Figure 2.6 portrays schematically the functional re-

lationship among the components of the control system.

The theory of operation is described as follows.

The average, bulk temperature of the specimen

is continuously monitored by a 0.002 inch copper-

constantan thermocouple. The voltage signal from the

thermocouple is supplied as the input signal to an

electronic control circuit, which is shown diagram-

atically in Figure 2.7. The control system is of the

analog type in which a signal generator, inverter,

and integrator are employed to create a voltage re-

presentative of the desired linear temperature-time

profile, be it for cooling or warming. This profile

is continuously compared in a summing unit with the

amplified thermocouple voltage, which is representa-

tive of the actual specimen temperature. A positive

output from the summing unit, indicating that the

specimen temperature is lower than the generated re-

ference temperature, requires that heat be supplied

to the specimen to raise its temperature to the de-

sired level. If the summing unit output is negative,
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the heat supplied to the specimen is reduced to zero.

The necessary heat input to the specimen is obtained

by amplifying the summing unit output signal in a

power amplifier having the electrical film resistor,

which is coated on the top window of the low tempera-

ture chamber, as its load. The power supplied to the

heater is proportional to the difference between the

actual specimen temperature and the reference tempera-

ture. The feedback control loop is closed in that the

thermocouple senses changes in the specimen tempera-

ture effected by variations in the amount of energy

dissipated in the electrical resistance heater, and

feeds this signal back into the control circuit.

The various cooling rate profiles are generated

by setting the value of the integrator input resistor,

R8 (Figure 2.7), according to a predetermined calibra-

tion. For a constant input voltage, ei, of 6 volts

from the signal generator, the slope of output voltage,

e_.(t), profile for the integrator is determined



65 .

according to the following equation (7 3),

e,. C i eio(t)Ot;

exo(t) tt - (2 .1)n C2 R8

The value of the capacitor C2 is set at 5300v, F,

whereas the resistor R8 can be varied between 650 ohms

and 580 x 103 ohms. These numerical values can be

substituted into equation (2.1) to predict that the

slope of the output voltage profile can be altered

between O.0574 volts/min and 51.2 volts/min, which

covers 3 orders of magnitude. The actual measured

performance characteristics of the integrator are dis-

cussed in Chapter 4, Section A, Part 1.

The maximum value of e-o(t) is set at +2.5 volts

by the limiter diode D5, while the minimum value is

0 volts. The control system is calibrated so that these

endpoint voltages represent specimen temperatures of

+250C and -196 0 C respectively. The function of the in-

tegrator is to vary el~-(t) with time to simulate cooling
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and warming processes through the above range of tem-

peratures. The control system is changed between

cooling and warming rates by activating switch S1,

which reverses the polarity of the integrator input

voltage, ex_- . Constant temperature processes are

simulated by opening switch S2 , which reduces er.

to zero.

The total voltage gain across the multiplier can

be determined from the following equation (7 3 ),

eM-i(t) R4 R6  M

where resistors R4 , R5 , and R6 are set respectively

at 10.4 x 103 ohms, 258 x 103 ohms, and 180 x 103 ohms

and R7 can be varied between 2.53 x 106 ohms and

3.03 x 106 ohms. eM_j(t) , the multiplier input signal,

is the specimen thermocouple output voltage. Thus,
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according to equation (2.2), the multiplier gain can

be adjusted in the range

3.55 x10 2 : G, - 4. 6 xi02

For a liquid nitrogen reference junction (-196oC), the

thermocouple output for a specimen temperature of +250C

is -6.5 x 10 - 3 volts. Thus, from equation (2.2) the

multiplier output voltage lies in the range

-2.31 v. - em•(t) -2.77 v.

The resistor R7 can be adjusted so that for specimen

temperatures between 100C and 40oC, the two input

voltages to the summing unit, eIo(t) and eM_-(t),
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can be made equal in magnitude (2.5 volts) and opposite

in sign. The control system is calibrated by appro-

priately adjusting R7 before each freezing experi-

ment so that when the specimen is at ambient tempera-

ture,

eM-te -(t = 2.50 volts
AMB= MAXI F-MMAX

The gain across the summing unit is determined by, (73 )

e t) R,, e-t )  eM-ot)R(2 R.3)
(2.3)

eS=eso 0 ei
G e= 4 R 9e = R9

where R9 = R10 = 203 x 103 ohms and 18 x 103 ohms 5 Rl,

! 5 x 106 ohms. Thus, the upper and lower



bounds on Gs are

3.87 - 2  G, 2 .46 101

The sensitivity of the control system to correcting

differences in the specimen and generated reference

temperatures is regulated by adjusting the value of

resistor R11 .

A photograph of the logic portion of the tempera-

ture control circuit is shown in Figure 2.8.

The power amplifier must satisfy the requirement

of providing linear voltage gain at frequencies down

to D.C. To achieve this criterion, a simple two

stage D.C. amplifier was fabricated as shown in

Figure 2.7. Two NPN type transistors are connected

in cascade formation to provide the necessary ampli-

fication. The gain characteristic of the system is

plotted in Figure 2.9 for selected values of the output
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and emitter resistors, R2 and R3 . A response lag was

measured in the amplifier response in that an input

of 1.0 volt is required to activate the transistors.

At input voltages greater than 1 volt, the gain was

measured to be quite linear. The magnitude of the gain

is a function of the ratio of R2/R3 . A high value of

gain is desirable so that a high level of sensitivity

of the control system to variations in specimen tem-

perature can be maintained. The power amplifier is

photographically depicted in Figure 2.10.



Figure 2.10. Power Amplifier Pannel
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CHAPTER 3

Experimental Procedure

A. Specimen Preparation:

Venous blood is collected from donors at the

Massachusetts General Hospital Blood Bank in 10 ml

glass bottles containing acid citrate dextrose anti-

coagulant. The bottles are sealed with rubber stop-

pers and stored at +40C for use within 24 hours.

The blood specimens are frozen and thawed on the

cryomicroscope in a thin film held between two glass

coverslips. It is important that the blood be pre-

pared in a thin film having a thickness of a little

more than one cell diameter so that individual cells

can be isolated for observation during the freezing

and thawing processes. Also, thicker films result

in excessive scattering of light from ice grain

boundaries in planes not in focus. The phenomenon

occurs at the liquid - solid phase change with a con-

sequent uniform white appearance of the field of view.

A micro-thermocouple (0.002 inch copper and constantan

wires) is placed between the coverslips in contact



with the film of blood. Since the diameter of the ther-

mocouple is greater than the desired thickness of the

blood film, it was necessary to modify the coverslips

so that the thermocouple would not limit the minimum

separation of the slips (and thickness of the film).

This was accomplished by etching small grooves into

both coverslips with HFl acid. The thermocouple is

placed inbetween these grooves so that the coverlips

can attain their minimum separation. See Figure 3.1.

The specimens are prepared for viewing by with-

drawing a small volume of blood (approximately ½

microliter) from the glass collection bottle into a micro-

pipette and placing it as a drop onto the etched side

of one of the coverslips. The thermocouple tip is

positioned into the groove of the same coverslip, and

the second coverslip placed etched side down onto the

first so that both grooves are aligned with the thermo-

couple. The blood spreads from the droplet into a

thin film between the coverslips and into the etched

grooves under the action of surface tension. The average

thickness of the specimen films is approximately 12

microns. This thickness was directly measured on the
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microscope by noting the vertical distance traversed

by the stage in focusing from the top of the bottom

slip to the bottom of the top slip. In a properly

prepared specimen the variation in film thickness

across the coverslip area is less than one micron.

B. Operation of the Cryomicroscope:

After a film of blood has been prepared between

etched coverslips in the above manner, it is placed

directly onto the top window of the freezer manifold.

The thermocouple leads are attached directly to a

millivolt recorder* via a special connector plug

mounted on the microscope stage. Next, the plexiglass

container, which encloses the low temperature stage

and the microscope optics (see Figure 2.4), is purged

of air via a stream of dry helium gas to prevent con-

densation of water vapor on the cold apparatus. The

objective is then swung into position over the speci-

men and the microscope is focused. With the door to

* Speedomax W, Leeds and Northrup Co., Phila., Pa.

___
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the plexiglass container closed tightly, the system

is prepared to initiate the freezing process.

Two modes of control are employed to regulate

the specimen temperature and its time rate of change

during freezing and thawing: Manual operation and

automatic operation. Operating procedure for the

cryomicroscope in both of these modes will be de-

scribed.

1. Manual Operation:

The manual mode of operation, compared to the

automatic mode, affords only a very limited degree of

control over the specimen temperature and is capable

of effecting only a small spectrum of cooling and

warming rates in the specimen. These limitations

exist because the single parameter of operation in

this mode is the flow rate of refrigerant through the

low temperature chamber. The entire system, including

the specimen, thermocouple, and freezing stage, is

initially at ambient temperature. Cooling is insti-

gated by opening valve VI (see Figure 21) to throttle

pressurized, dry helium gas through the liquid nitrogen
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heat exchangeand into the manifold. The rate of

cooling is roughly proportional to both the flow rate

of refrigerant through the chamber and the difference

in temperature between the specimen and refrigerant.

(Refer to Appendix D for a heat transfer analysis of

the system.) The cooling rate is affected by refri-

gerant temperature as it passes through the low tem-

perature manifold and the thermal resistance between

the refrigerant and the specimen. The temperature of

the refrigerant entering the manifold initially de-

creases with time as the flow channel between the heat

exchanger and the microscope is cooled down from am-

bient temperature until -196 0 C is approached. A

significant component of the thermal resistance be-

tween the refrigerant and the specimen can be attributed

to the convective heat transfer between the refriger-

ant stream and the manifold. The convective film co-

efficient (and consequently the cooling rate) is in-

creased as the refrigerant flow rate becomes greater.

Thus, to increase or decrease the cooling rate, valve

VI is throttled,respectively, further open or further

shut, to adjust the refrigerant flow.
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A disdavantage associated with manual operation

is that it is very difficult to duplicate a pre-

determined temperature-time history for the specimen

flow rate. This situation exists for two reasons:

first, the response of cooling rate to variations in

refrigerant flow is quite slow, rendering steep tem-

poral thermal gradients unattainable; and, second,

only a minimal degree of control can be exerted over

the refrigerant temperature, which is related to the

rate of heat loss by the specimen. Thus, for a con-

stant flow of refrigerant, the cooling rate decreases

as the specimen temperature approaches the refriger-

ant temperature.

Nonetheless, it is possible to reach very high,

but virtually uncontrolled cooling rates by manual

operation. Freezing is accomplished by initially fill-

ing the tubes of the liquid nitrogen heat exchanger with

air, which is subsequently liquified within the exchanger

tubes at +790 K. Pressurized, dry helium gas is blown

into the exchanger to force the liquid air out of the

tubes and through the low temperature stage in two

phase flow. The maximum cooling rate attainable by

this method is an order of magnitude greater than for
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gaseous refrigerant. However, the two phase flow

through the manifold stresses the quartz windows very

heavily, sometimes resulting in breakage, and affords

virtually no control over the specimen temperature

history.

Warming of the specimen in manual operation is

caused by conduction and convection of heat from the

environment (see Appendix D). The maximum warming

rate is effected by completely shutting off the re-

frigerant flow, which produces rates up to approximately

+1000C/min. Intermediate warming rates down to 00 C/min

are attained by progressively throttling the refri-

gerant flow to the appropriate rate to achieve the de-

sired balance between heating and cooling effects. As

with freezing, it is very difficult to maintain any

preselected warming rate by manual operation due to

the inability to control the heat flux to the specimen.

Also, the maximum warming rate possible using manual

operation is about 2 orders of magnitude less than

that which can be produced by automatic operation.
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The single advantage offered by manual operation is

that it is a simpler procedure to perform than that

associated with automatic operation.

A slight positive pressure of dry helium gas is

maintained within the plexiglass container in order

to eliminate the condensation of water vapor and frost

formation during the freezing and thawing processes.

Access to the focusing knobs is provided through win-

dows cut in the plexiglass wall and sealed with a

loose sheet of plastic. The microscope focus must

be corrected as the system temperature changesin

order to maintain image sharpness. This requirement

necessitates continual visual monitoring of the speci-

men in order to make the proper focusing adjustments.

2. Automatic Operation:

The temperature feedback control system, il-

lustrated in Figures 2.6 and 2.7 is employed to operate

the cryomicroscope in the automatic mode. The entire

system, excluding the liquid nitrogen heat exchanger,

is initially at room temperature. With switch S2

(Figure 2.7) on the signal generator unit open, the

following preliminary settings are made to ready the
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system for automatic freezing: switch S1 is set for

thawing process; resistor Rg is adjusted to simulate

the desired cooling rate during the freezing process;

and resistor R7 is adjusted so that the gain in the

thermocouple voltage multiplier is of a magnitude that

results in zero input voltage at operational ampli-

fier 0A4 . Switch S2 is then moved to the on position,

activating the control system, and the refrigerant

flow is turned on. At this setting, the action of the

controller-heater combination will maintain the speci-

men at room temperature. While the refrigerant flow is

increased to the desired maximum value, the coolant

plumbing and the freezer manifold are cooled down,

and the top manifold window and the specimen are main-

tained at room temperature by the electric heater

and controller system. When the freezer system is suf-

ficiently undercooled, switch S1 is moved from the

thaw to the freeze position, and the specimen is cooled

at the preselected constant rate. The analog control

unit maintains a balance between the warming effect

of the electric heater and the cooling effect of the

refrigerant flow and the stored thermal capacity of
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the freezer manifold so that the desired cooling rate

is observed. At the conclusion of the cooling process,

the base (or storage) temperature is fixed by moving

switch S2 to the off position, which reduces the volt-

age input to the integrator to zero. The simulated

storage temperature is thus held constant until the

voltage input to the integrator is changed from zero.

Before the commencement of the warming process, re-

sistor R8 is adjusted to the value which will produce

the desired warming rate. Switch S1 is then moved to

the thaw position and switch S2 to the on position to

activate the integrator and simulate the warming pro-

cess. For large warming rates, the refrigerant flow

rate can be reduced to minimize the load on the resis-

tance heater. The specimen temperature will increase

until room temperature is reached, at which point it

will be held constant by the control unit.

The time rate of temperature change can be varied

at any point in the freeze-thaw sequence simply by

manually adjusting the setting of resistor R5. A

limitation to the operation of the control unit is that

it can be programmed only to simulate constant rates
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of temperature change. Thus, the above procedure of

manually adjusting resistor R5 in process is required

to study nonconstant rates of cooling or warming. The

response time of the system to alterations in thermal

conditions is very rapid because only a very small,

localized mass (consisting of the specimen and top

manifold window) is subjected to thermal control. The

control system is therefore quite sensitive to varia-

tions from the simulated temperature-time curve and

consequently is able to force the specimen temperature

to assume the desired time history.

The range of cooling and warming rates which may

be produced using automatic operation is greater than

that possible by manual operation. Much larger and more

precisely controlled heat fluxes, both to and from the

specimen, can be effected by the feedback temperature

control system. Heat loss from the specimen during

manual cooling is accomplished chiefly by convection

to the refrigerant stream. Heat is removed from the

specimen during automatic cooling both by convection

(as in manual operation) and by conduction to the ad-

jacent freezer manifold, which acts as a heat sink.
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Localized heating of the specimen by the resistance

heater permits the freezer manifold (which has a much

larger mass than the specimen) temperature to be

reduced by as much as -1000C below that of the speci-

men. When the heater input is suddenly decreased, the

system experiences the effect of opening a thermal

switch, and the conductive component of heat transfer

to the heat sink rapidly overrides the convective com-

ponent to greatly increase the heat flux. Increased

heat fluxes during the warming process are readily

obtained by the dissipation of energy in the electric

resistance heater. This energy source can increase

the heat transfer to the specimen, and consequently

the rate of temperature change, by orders of mangitude.

C. Data Retrieval:

Both thermal and visual techniques are employed

to obtain data describing freezing and thawing processes

on the cryomicroscope. The specimen temperature is

continually monitored by the copper-constantan thermo-

couple and plotted on a strip chart recorder.* The

* Speedomax W, Leeds and Northrup, Inc., Phila., Pa.
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physical appearance of the specimen can be visually

followed on the microscope during all phases of ex-

posure to subfreezing temperatures and recorded on

film, either by still photography or by high speed

cinetography.
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CHAPTER 4

Experimental Data and Discussion

Experimental results will be presented and dis-

cussed in two separate sections, according to the double

objective of the program of investigation: the first

section will deal with the performance capabilities and

characteristics of the cryomicroscope, and the second

with the formation of intracellular ice and the detec-

tion of its presence in frozen human erythrocytes.

A. Performance of the Cryomicroscope:

As explained in Chapter 2, a primary rationale

for building a cryomicroscope is to provide an experi-

mental facility whereby the dynamics of freezing and

thawing processes in biomaterials can be studied in

microscopic detail at precisely controlled rates of

temperature change. In this context, the performance

of the cryomicroscope system has been evaluated accord-

ing to several criteria. These include the following:

(1) capability for microscopically viewing dynamic

thermal processes in both real and dilated time;

(2) accuracy of specimen temperature measurement;
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(3) precision of control over specimen temperature and

its time rate of change.

1. Visual Capability

The cryomicroscope is a unique instrument in that

it can provide a dynamic record of changes in cellular

ultrastructure that occur during freezing and thawing.

The ability to monitor visually the condition of the

ultrastructure is limited by the resolution of the mic-

roscope.

A record of the transient physical events occurr-

ing in biological cells as a consequence of freezing

and thawing is made by the techniques of photomicrography

and cinemicrography. Photomicrographs of a consistently

high quality can be made of frozen cells, provided cer-

tain precautions are observed to prevent the formation

of frost on the specimen and microscope optics (cf. Chap-

ter 2). The amount of information obtained from photo-

micrographs is subject to several limitations of varying

severity. The two factors of overriding importance are

the maximum resolving capability of the microscope and

the low contrast of the image to be recorded on film.
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Although little can be done to improve the resolution

of any given optical system, the photographic image

can be enhanced significantly by the use of special

developing and printing techniques. The highest

quality enlargements are made from very fine grain film,

of a low ASA rating. This type of film requires maximum

specimen illumination to produce adequate exposure.

The longer exposure requirement can result in a blurred

image when relatively rapid motions are photographed

at slow shutter speeds. In typical applications,

satisfactory pictures can be taken on Panatomic X

35 mm film, exposed fork second with phase contrast

xenon illumination and a total specimen magnification

of 1000X, and developed in Kodak D 11 developer for

average contrast.

High speed cinemicrography is a most useful tool

for obtaining detailed information which is otherwise

inaccessible concerning freezing and thawing processes.

This technique is limited in its effectiveness by the

maximum framing speed of the motion picture camera

consistent with the illumination capacity of the mic-

roscope. Presently, filming rates of up to 400 frames
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per second can be attained with the high pressure xenon

lamp and phase contract illumination on ASA 400 film.

In general, the cryomicroscope is capable of pro-

ducing visual data over a wide band of specimen tem-

peratures that compare very favorable in optical

quality with the images produced by a standard light

microscope under isothermal, ambient conditions. Photo-

micrographs taken on the cryomicroscope at subfreezing

temperatures will be presented in later sections of

this chapter in the discussion of experimental results.

2. Temperature Measurement

It is essential to the proper functioning of the

feedback control system that a high degree of accuracy

be maintained in the specimen temperature measurement.

Thus, a series of tests were performed to determine the

precision of the temperature sensing system employed

on the cryomicroscope. Samples of whole blood collected

in ACD were frozen and thawed on the microscope, and

the indicated melting temperature was carefully noted

for each sequence at the instant of melting,as observed
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through the cryomicroscope. The data points are com-

piled in Figure 4.1 and compared with the known melt-

ing point of whole blood. The average discrepancy

between the actual and measured melting temperatures

is less than 10C.

Two possible sources of error can be considered

to account for this discrepancy. The specimen tempera-

ture is sensed by a 0.001" diameter copper-constantan

thermocouple placed in physical contact with the film

of blood being frozen (see Figure 3.1). This method

of measurement is capable of detecting only an average,

bulk temperature of the specimen. Thus, the first

source of error is the result of the inherent inability

of a single thermocouple probe to sense small scale

spatial temperature variations within the film of blood.

The magnitude of these variations is dependent upon the

thermal gradients imposed on the specimen by cooling

and warming effects of the automatic control system.

The maximum vertical temperature difference across the

specimen can be analytically determined as a function

of the blood film thickness and the cooling rate. This
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analysis, which is shown in Appendix I, predicts that

cooling rates in excess of -50,000 0 C/min would be re-

quired to create a vertical temperature differential

greater than 10 C across the specimen. Since these

high rates can not even be approached at present, it

can be concluded that vertical temperature gradients

are not a significant source of error in the operational

tolerances inherent in the experimental system.

A second source of inaccuracy in temperature measure-

ment is manifested as a deviation of the measured tem-

perature from the bulk temperature of that portion of the

specimen in the field of view of the microscope. This

error can be attributed to positioning of the thermo-

couple on the low temperature manifold so that it is

not sensing the temperature of the cells being observed.

Measurement of the magnitude of this error is dis-

cussed in Section 4.1. This temperature variation

can be effectively reduced by refinement of the cryo-

microscope operating technique.
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3. Cooling and Warming Rate Control

a. Electrical Simulation of
Thermal History

A limiting factor in the control of the specimen

temperature is the precision and range of operation of

the electrical temperature simulator in the feedback

control system. Therefore, as a measure of one per-

formance parameter of the temperature control system,

the controller was programmed to simulate a typical

thermal history for frozen and thawed cells. The re-

sulting output of the voltage integrator (point to

ground in Figure 2.7) was plotted as a function of time

on a continuous chart recorder* for a simulated series

of thermal transients. The output voltage was reduced

to a measurable level by a 33/1 voltage divider. The

transient voltage plot is shown in Figure 4.2. The

sequence of processes illustrated was generated in the

following manner. The output of the integrator for

zero initial voltage input is recorded between points

a and b. In actual operation of the microscope this

* Speedomax W, Leeds and Northrup Co., Phila, Pa.
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output level represents the specimen temperature being

held at room temperature. Commencing at point b, a

constant positive voltage input is supplied to the in-

tegrator, corresponding to a constant cooling rate pro-

cess. At point c the voltage input is abruptly re-

duced to zero to simulate maintainence of a constant

specimen temperature until point d. The input voltage

is then restored to its original value between points

d and e. At point e the sign of the input voltage is

reversed, to effect a change from cooling to warming.

At point f the integrator output voltage passed through

zero and its sign was reversed. The integrator input

was again reduced to zero at point g to effect a con-

stant specimen temperature. Inspection of the V vs. t

curve of Figure 4.2 shows that the simulated cooling

and warming rates are constant within the accuracy of

the recorder over the range of voltages plotted. The

difference in magnitude between the generated cooling

and warming rates was 1%. Both rates were generated

by an identical integrator input voltage.
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The response of the system to changes in the in-

tegrator input voltage was more rapid than could be

detected by the chart recorder (which has a time con-

stant of 1 second for a full scale step input). The

response time was therefore measured on a cathode ray

oscilloscope*. The system was set so that a step in-

crement in integrator output voltage resulted when

switch S1 (Figure 2.7) was reversed, thereby changing

the sign of the integrator input voltage. The full

signal response occurred in approximately 1 milli-

second. This measured response represents the period

of time required to switch from any one integrator

function to another, such as is involved in changing

from a simulated cooling rate to a simulated constant

temperature process.

One undesirable operating characteristic can be

noted from Figure 4.2. Between points c and d and

g and h when the system is in the constant temperature

mode, there is a drift in the integrator output voltage

back to the zero (initial) level. This drift is caused

* Type 502A Dual Beam Oscilloscope, Tektronics, Inc.,
Portland, Oregon
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by the slow discharge of the output capacitor on the

integrating operational amplifier (see Figure 2.7).

Thus, it is not possible to program the control unit

to maintain a constant specimen temperature at a value

other than 370C. The temperature control system has

subsequently been modified by M. Ushiyama so that the

constant temperature mode of operation can be accurately

programmed.

b. Control of the Specimen Temperature
and Rate of Temperature Change

Samples of normal saline solution were frozen on

the cryomicroscope with automatic control in order to

determine the performance capabilities and character-

istics of the temperature control system. The specimen

temperature history was plotted on the continuous chart

recorder, and the rate of temperature change determined

from the plotted curve. Figure 4.3 illustrates a

series of constant cooling rate, warming rate, and tem-

perature hold processes for a single specimen. The

maximum cooling and warming rates available on the

cryomicroscope were measured to be -2200oC/min and

+6500 0 C/min, respectively. Both rates were measured
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to be constant throughout the entire temperature range

of the test between +370 C and -800C. The repeatability

of programmed cooling and warming rates was determined

by successively freezing and thawing a single specimen

for identical settings of the temperature control unit.

The measured mean values and standard deviations for 8

cooling and warming processes were -230, ± 80C/min

and + 343, ± 90 C/min. The readability of the chart

recorder for this magnitude of thermal transients is

t 50 C/min. The control unit was also set to maintain

the specimen temperature constant with time. In a

series of five tests, variation from a number of initial

holding temperatures was consistently less than

½,C/min over a period of five minutes.

B. Formation of Intracellular Ice

Two aspects of intracellular ice formation in

frozen erythrocytes were investigated separately:

(a) detection of an ice phase inside of frozen cells,

and (b) determination of the conditions requisite for

the occurrence of intracellular ice. The results of

these investigations will be discussed in separate

sections.
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1. Detection

The most straight forward method of detection is

to observe whether intracellular ice appears in a frozen

suspension of cells. In some instances it is readily

apparent that an ice phase is present inside of cells.

As an illustration, Figures 4.4, 4.5, and 4.6 show red

blood cells in three different thermodynamic states of

interest. Figure 4.4 is a photomicrograph of a blood

film between glass coverslips at room temperature as

prepared prior to freezing. This picture is particular-

ly useful as a reference for the semblance of cells con-

taining no intracellular ice. Figure 4.5 is a micro-

graph of cells which have been frozen at a sufficiently

slow cooling rate so that ice has formed only in the

extracellular medium. As in Figure 4.4, there is no

distinguishable solid phase within the cells, whereas an

ice phase can be observed outside the cells. This eval-

uation of the freezing process can be verified much more

conclusively by dynamic observations in which the phase

change can be directly seen to occur only externally to

the cells. Figure 4.6 illustrates the appearance of cells

containing intracellular ice. In this specimen the in-

ternal grains of ice can be distinguished very clearly.
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Figure 4.4. Photomicrograph - Erythrocytes at Room
Temperature, Prefreezing. 806X
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Figure 4.5. Photomicrograph - Frozen Erythrocytes at -200C,
Extracellular Ice Only. 806X
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Figure 4.6. Photomicrograph - Frozen Erythrocytes at -200C,
Intracellular Ice. 806X
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The boundary of the granular structure within the cell

is defined by the plasma membrane, indicating that the

ice being seen is contained within the cell rather

than in a plane above or below the cell. Further

verification exists in that the plasma membrane and

ice grains are simultaneously in focus. It would be

impossible to simultaneously focus sharply both the

membrane and the ice if they were not coplanar, since

the depth of focus of the 63x objective is 0.6 microns.

It is thus conceivable to distinguish between actual

intracellular ice and an artifact created by a sheet

of ice above or below the cells. This evidence sup-

ports the contention, then, that water has been frozen

inside the cell.

The existence of intracellular ice can be demon-

strated in an even more convincing manner by a special

freezing technique. To create these conditions, the

specimen is frozen on the cryomicroscope so that only

a portion of the total number of cells are frozen

internally. Such a distribution of frozen cells is

effected by employing a cooling rate in the transition

range for intracellular ice formation (see section B,
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part 2) prior to the phase change. The photomicrographs

in Figures 4.7 and 4.8 were made of cells frozen in the

above manner. The cooling rate prior to the phase change

was -100C/min. Figure 4.7 was made immediately after

the specimen was frozen. The appearance of cells con-

taining intracellular ice can be distinguished from

that of the unfrozen cells by the internal granular

structure. Approximately 37% of the cells contain

intracellular ice. Subsequent to freezing, the cooling

rate was lowered to -4-C/min. By significantly re-

ducing the cooling rate following the initial phase

change, sufficient time is provided for the unfrozen

cells to equilibrate osmotically with the extracellular

medium by an outflow of cell water rather than by

freezing. It is important that the cooling rate be

substantially decreased after freezing with respect to

the relaxation time for equilibration by mass transport

so that the cells initially unfrozen do not have ade-

quate opportunity to subcool sufficiently for intra-

cellular ice to form. The difference in appearance

between the frozen and unfrozen cells subsequently

becomes more pronounced as the temperature is lowered
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Figure 4.7. Photomicrograph - Frozen Erythrocytes at -20C
Immediately Following Phase Change, Partial
Intracellular Ice. 1008X

II W



109,

Figure 4.8. Photomicrograph - Frozen Erythrocytes at -150 C,
Same Field as Figure (4.7) 1.2 Minutes
Following Phase Change, Partial Intracellular
Ice. 1008X
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following freezing. Cells containing internal ice re-

main, for the most part, visually unchanged. The gran-

ular structure of ice grows larger by crystallization

and/or recrystallization, but the volume and optical

density of the cell remains unchanged.

A very different phenomenon occurs in the unfrozen

cells. As water moves across the plasma membrane from

within the cell to the extracellular medium, the cell

volume decreases auite noticeably and the intracellular

fluid becomes much darker due to the concentration of

hemoglobin inside the cell. Figure 4.8 illustrates

the appearance of the same cells after 3 min of cool-

ing at-4 0 C/min following the initial phase change. Here

it can be noted that the physical difference between

frozen and unfrozen cells is very convincingly apparent.

The two categories of cells can be distinguished by

differences in granularity and darkness of the intra-

cellular medium and in the volume (radius) of the cells.

This evidence amounts to a triple check on the presence

of intracellular ice. Analysis of the photomicrograph

in Figure 4.8 reveals the following information con-

cerning the distribution of intracellular ice: by
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granularity, 44%; by density of intracellular medium,

38%; and, by volume, 44%. The consistency among these

three methods of measurement verifies the capability

of the cryomicroscope as an effective instrument for

determining the presence of intracellular ice in frozen

cells.

Visual techniques for detecting intracellular ice

are beset with a major drawback, however, in that the

degree of accuracy and rigor is significantly depen-

dent upon the interpretive ability and experience of

the operator. This fact is illustrated in Figure 4.7

in which it is not immediately obvious, for each indivi-

dual cell in the field of view, whether or not intra-

cellular ice is present. This difficulty is most serious

when the ice structure is not well defined or is so

small as to render resolution by light microscopy im-

possible. These conditions are associated, respectively,

with very low and very high cooling rates, as compared

to the transition rate, and, as such, are not commonly

manifested in the situations in which the presence of

intracellular ice is least certain.
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As a means of offsetting the consequences of this

inherent limitation, the basic capability of the cryo-

microscope for detecting intracellular ice can be en-

hanced by two supplementary techniques: polarized

light illumination and high speed cinemicrography.

Polarized light is commonly employed to increase the

level of contrast of the granular or crystaline struc-

ture of solids in photomicrography. High speed cine-

micrography enables the time scale of the freezing pro-

cess to be greatly dilated to facilitate detailed visual

examination of the sequential occurrence of events

during freezing. Cooling rates high enough to effect

the formation of intracellular ice normally produce

such rapid phase changes that they appear instantaneous

to the human eye in real time. However, the capability

for observing in slow motion the physical phenomena

associated with freezing provides an opportunity to

follow the dynamics of the freezing process in great

detail and to discern any physical changes within in-

dividual cells associated with the phase change. It

is possible to observe the seeding of ice crystals

within individual cells as the phase boundary moves
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through the film of blood. Even when the structure of

the ice is too minuscule to be resolved by light mic-

roscopy, the change from liquid to solid can be de-

tected by a darkened appearance of the specimen fol-

lowing freezing due to increased scattering of light

by the ice particles. High speed motion pictures

illustrating the freezing process for human erythro-

cytes may be obtained from the Cryogenic Engineering

Laboratory. Figures 4.9 and 4.10 were enlarged from

selected frames of motion picture records of intra-

cellular and extracellular freezing, respectively.

Growth of the phase front through the field of view

and the interaction with the suspended erythrocytes

can be noted in both of these sequences.

In summary, a prime rationale for building the

cryomicroscope was to create a facility which could be

employed to accurately and reliably detect the formation

of intracellular ice. The foregoing experimental re-

sults are indicative that, in this capacity, the mic-

roscope satisfactorily performs to expectation.
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Figure 4.9. Cinephotomicrograph - Motion Picture Sequence
Depicting Intracellular Freezing of
Erythrocytes. 788X
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Figure 4.10. Cinephotomicrograph - Motion Picture Sequence
Depicting Extracellular Freezing of
Erythrocytes. 788X
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2. Conditions Requisite for Intracellular
Ice Formation

As outlined in Chapter 1, it has been demonstrated

both analytically and experimentally that the magnitude

of the cooling rate prior to freezing is a parameter

of prime importance in determining whether or not intra-

cellular ice will be formed in a frozen suspension of

cells. In general, the probability of intracellular

nucleation increases with more rapid cooling rates.

The objective of this portion of the investigation is

to determine the functional relationship between the

cooling rate and the probability of intracellular nuclea-

tion; of specific interest is the range of cooling rates

above which this probability is close to 100% and below

which it is virtually 0%.

A series of experiments was conducted in which the

incidence of intracellular ice was measured in thin

films of fresh, human erythrocytes frozen at constant

cooling rates between glass coverslips on the cryo-

microscope. The data from these tests is shown in

Figure 4.11 in which the percentage of cells containing

intracellular ice is plotted as a function of cooling

rate. It is apparent that there exists a transition



I I I I I I I I I I I I I I I

0 0 o 00 oo D 0 0 0 000 -

I dci l i I I
2 3 4 5 678910 15 20

COOLING RATE (C/MIN.)

I I I I I I I
30 40 50 710 n

Figure 4.11. Incidence of Intracellular Ice in Frozen
Human Erythrocytes as a Function of the
Cooling Rate Prior to Freezing

w
U

100

80
6 0oU.

40

20

W1
0



118.

band of cooling rates above and below which the incidence

of intracellular ice is virtually 100% and 0%. The up-

per and lower bounds on this band are approximately

-170C/min and -60C/min, respectively.

The analytical model proposed by Mazur(19 ) for

the freezing of biomaterials predicts the existence

of a transition cooling rate which would define a

boundary between the regimes of intracellular and ex-

tracellular freezing. The experimental evidence pre-

sented here supports this hypothesis in that such a

transition range does indeed exist as shown in Figure

4.11. This transition range has one important character-

istic not predicted by the analytical model: the trans-

ition occurs over a finite band of cooling rates, rather

than being defined by a single rate. There are several

factors which could contribute to this phenomenon.

Knight (7 4) has noted that a nucleation temperature may

not be precisely defined for any given material. Re-

petitive freezing of water has shown variations in the

degree of supercooling within a temperature range of

100 C. It is to be expected that the same type of varia-

tion would occur during the freezing of erythrocyte
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suspensions. Since the probability of intracellular

ice formation depends on the degree of supercooling,

the spread of data in the transition range of cooling

rates can be attributed in part to random variation

in the nucleation temperature.

The susceptability of cells to internal freezing

is also a function of the plasma membrane permeability

to water. Marks and Johnson (75 ) have reported a rela-

tionship between the age of human erythrocytes and their

resistance to osmotic stress. They found that young

erythrocytes less than 30 days old are significantly

more resistant to hemolysis in hypotonic media than are

cells older than 65 days. Thus, in any frozen speci-

men, there may be a distribution in membrane permea-

bility among the cells according to age with a cor-

responding variation in the osmotic properties of the

total specimen population. The measured osmotic re-

sponse of individual cells to variations in cooling

rate could be different from the average response of

a large population of whole blood. The significance

of this osmotic factor in contributing to the data
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scatter of Figure 4.11 in the transition cooling range

can not be evaluated because the relationship between

membrane permeability and cell age has not been quanti-

fied. However, until proved otherwise, it can be con-

sidered as a possible influencing parameter. The magni-

tude of this effect could be ascertained by repeating

the measurements of intracellular ice formation as a

function of cooling rate on erythrocyte specimens pre-

pared from selected age groups, such as all cells younger

than 30 days or older than 65 days.

A second source of data scatter associated with

membrane permeability effects arises from the technique

employed for preparing the cells for freezing between

glass coverslips. The resulting surface forces cer-

tainly subjects the cell membranes to some degree of

trauma, which might in turn alter the permeability

from its normal value. The preparation trauma is quite

difficult to hold constant from experiment to experi-

ment. It is thus probable that the consequences of

varying degrees of increased resistance to intracellular

freezing associated with higher membrane permeability
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occurred in a random pattern in the experimental pro-

gram, i.e., the magnitude of their effects is not cor-

related with the sequence of experiments in any manner.

The same data is replotted in Figure 4.12 to yield

a statistically more significant indication of the effect

of cooling rate on the frequency of intracellular freez-

ing. Specifically, each plotted point represents the

average value of the cooling rate and the corresponding

percentage of intracellular ice formation for five

separate experimental tests of thirty to seventy cells.

The RMS deviation for each point is indicated by the

bracketed lines. The curve drawn through the data

points can be approximated mathematically, as in Equa-

tion (4.1), which in turn represents a measure of the

probability of internal freezing for human erythrocytes

at any given cooling rate.

S8 -G oc/ I,,, \ FREQ = O

CoC B 3+6 (4.1)
-6 '/Ni Re-17 04/ý, F R EQ =  17 +6
-17 c/M~ iN B~ FR EQ = L0

The curve in Figure 4.12 may be compared with that in

Figure 4.13, which was hypothesized by Mazur (7 6 )
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from experimental and analytical evidence. The impor-

tant similarities to note between the two curves are

as follows: (a) a transition range of cooling rates

exists across which effects associated with intracel-

lular ice change from 0% to 100% influence; (b) this

transition occurs in such a manner as can be described

by a simple probability function; (c) the cooling rate

prior to the phase change is a parameter of primary

importance in controlling the incidence of intracellular

ice. Thus, the close degree of qualitative agreement

between the hypothetical and experimental results gives

credance to existing theories concerning the mechanism

of intracellular freezing, that is, that competing rate

processes for heat transfer and mass transfer control

the intracellular nucleation process.

Quantitative comparison of the data in Figure 4.12

with previous analytical and experimental results is less

favorable. The minimum cooling rate for which intracel-

lular ice formed (-60C/min) is much lower than that pre-

(19)
dicted by Mazur's analytical model (-50000 C/min) and

the experimental data of Luyet and Rapatz (7 7) (several

thousand OC/min). The survival signatures for several
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cell types, including unprotected erythrocytes, are shown

in Figures 4.14. Several explanations can be offered to

describe this discrepancy. First, freezing was effected

in the cell specimens at controlled cooling rates which

were measured very accurately. As is shown in Figure 4.1,

the degree of uncertainty in temperature measurement is

limited to + 1/2 OC. Previous experimental techniques

for studying intracellular freezing have been restricted

in that cooling rates were effected at the mercy of the

variable heat flux to the specimen associated with quench-

ing in a cold refrigerant bath. Cooling rates are commonly

determined as an average value from the end point tempera-

tures and the elapsed time for the process. This average

value of the cooling rate is larger than the value for

the lowest end point temperature, at which the phase change

occurs. Thus, there has been a trend to report more rapid

cooling rates than are actually associated with the phase

change process. This trend likely accounts in part for

the discrepancy between previous experimental results and

the data from this work, which was obtained by carefully

controlling and measuring the cooling rate prior to freez-

ing. Second, the assumptions inherent in the analytical
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model may result in an overly high prediction of the

critical cooling rate. In particular, if the temperature

coefficient of permeability is not linear as assumed, but

instead drops significantly at subzero temperatures, then

the probability of intracellular ice formation would be

high at cooling rates much slower than -5000 0 C/min.

(78)
Permeability data obtained by Jacobs indicate a trend

to decreased coefficients at low temperatures. Third,

preparation of the specimen between coverslips results

in a relatively large ratio of the suspension-solid sub-

strate interfacial area to the suspension volume as com-

pared to bulk frozen samples of larger free volumes. It

has been demonstrated previously that the rate of crystal

growth in frozen aqueous solutions increases markedly

with larger ratios of substrate interface to melt volume.

(20,21,79-81) This pehnomena could directly contribute

to higher probability of intracellular ice formation in

that the competitive rate process for equilibration of

intracellular fluid with the frozen extracellular medium

by osmotic dehydration of the cells would be relatively

less effective in the face of a higher rate of phase change.
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Several hypotheses have been offered to explain the

mechanisms of a solid-fluid interaction in affecting the

growth rate of ice, including the following: (1) the

substrate acts as a heat sink to enhance the rate of heat

flow from the freezing liquid, (2) the contact angle

made between the melt liquid and the substrate greatly

influences the morphology of the advancing phase front

and consequently the heat flow conditions and the kinetics

(82)
of crystal growth, (3) after nucleation has occurred

in the subcooled liquid at the solid interface, further

heterogeneous nucleation rapidly spreads along the inter-

face, thus providing innumerable more loci for the growth

of crystals out into the liquid melt, (21,8) (4) the

electrically insulating surfaces of the glass coverslips

carry small areas of positive and negative electrical

charge, which function to order water molecules in the

cell suspension and reduce the reduce the amount of energy

removal necessary to effect the phase change. (83 ) However,

none of these hypotheses provides a satisfactory basis

for explaining qualitatively or quantitatively the reduc-

tion in the transition cooling rate of intracellular ice

formation in human erythrocytes frozen between glass cover-

slips.
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CHAPTER 5

Conclusions

The physio-chemical conditions requisite for intra-

cellular ice formation in unprotected human erythrocytes

have been defined experimentally. The incidence of intra-

cellular freezing was measured visually as a function of

the cooling rate prior to phase change. The data indicates

that the probability of intracellular freezing increases

linearily with the cooling rate from 0% at -60C/min to

100% at -17 0 C/min. No cells cooled more slowly than -60 C/min

were frozen, whereas all cells cooled more rapidly than

-170C/min experienced internal freezing. This data supports

the dual factor theory of cell freezing injury as proposed

by Mazur(18) in that the presence of intracellular ice

becomes increasingly more frequent across a transition

band of cooling rates until a constant maximum value is

reached. In a similar manner one of the two hypothesized

cell injury factors becomes influential across a band of

increasingly higher cooling rates until a level of total

predominance is attained. This injury factor has been

construed to be caused by intracellular freezing. The

experimental evidence presented here demonstrates that the

formation of intracellular ice is dependent upon the cooling



130.

rate in a like manner.

Data has also been obtained which indicates that the

thermodynamic state of cells in a frozen saline matrix can

be dictated either by heat transfer considerations result-

ing in internal freezing or by mass transfer considerations

resulting in dehydration by osmotic loss of cell water.

The implication of this data is that competing heat and

mass transfer processes exist simultaneously, the relative

magnitude of which determines the ultimate mode of freez-

ing, be it extracellular or intracellular. An analytic

model of cell freezing has previously been proposed by

Mazur (19 ) in which it is hypothesized that the mode of

cell freezing is governed by the two competing rate pro-

cesses of heat and mass transfer, and that the experimentally

controllable parameter which regulates the relative magni-

tudes of these two processes is the cooling rate. The direct

correlation of intracellular freezing with cooling rate

that was demonstrated in this thesis strongly affirms the

above hypothesis.

Data on the incidence of intracellular ice formation

was obtained visually on a light microscope uniquely modi-

fied to incorporate the capability of effecting controlled

freezing and thawing processes in biological cell suspensions.
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A broad spectrum of cooling and warming rates achieved

by cooling the specimen at a constant rate with a steady

flow of refrigerant fluid through the system and by simul-

taneously dissipating electrical energy at a variable

rate in a resistance heater immersed in the fluid stream

and in thermal communication with the specimen. The dual

capability for both heating and cooling is utilized in

conjunction with an analog control system to provide for

precise automactic regulation of the specimen temperature

between 100 0 K and 3100 K at time rates of temperature change

between zero and several thousand degrees centigrade per

minute.
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CHAPTER 6

Suggested Subsequent Investigations

The cryomicroscope is particularly well adapted

to the pursuit of investigations in cryobiology at a

fundamental level due to its unique capability for

gathering information concerning the dynamics of freez-

ing and thawing processes and to its precision temper-

ature control system. There are many significant,

unresolved problems in cryobiology which can be effect-

ively studied on the cryomicroscope. Several such

studies will be described in this chapter.

The investigation of the formation of intracel-

lular ice in biological cells can be expanded in two

dimensions from the studies on human erythrocytes

which were the subject of this thesis: first, by in-

cluding other cell species in the program of study,

and second, by freezing cells in the presence of cryo-

phylactic agents of various chemical compositions and

concentrations. The rational for expanding the scope

of the investigation to include these two areas can
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be explained by referring to the two composite graphs

shown in Figures 4.13 and4.14 both of which were origin-

ally developed by Mazur. (18' 76 ) Figure 4.13 illustrates

a typical survival signature (i.e., a plot of the per-

centage of surviving cells vs. the cooling rate) for

freeze-thawed cells. It is assumed that the warming

rate is fixed for all freeze-thaw processes represented

on any given survival signature. Several character-

istics of a survival signature can be described.

Fiist, the survival rate reaches a maximum value at

some particular optimum cooling rate. Second, the

survival rate falls off from the maximum value as the

cooling rate is varied either larger or smaller than

the optimum value. Third, an area is defined under

the survival signature for any given minimum survival

rate. This area can be considered as a measure of

the sensitivity of the percentage of surviving cells

to variations in the cooling rate. As has been hypo-

thesised by Mazur( 76 ) the survival signature can be

characterized as a composite of two survival curves,

one resulting from an injury factor occuring at cooling

rates less than optimum and the other from a factor
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occurring at rates higher than optimum. These two

survival curves are denoted by the dashed lines in

Figure 4.13. Mazur's hypothesis states that intracel-

lular ice is the factor responsible for cellular in-

jury at high cooling rates.C76 ) Fifth, there is a

transition band of cooling rates across which the sur-

vival curve of the rapid cooling factor decreases

from its maximum to its minimum value.

In Figure 4.14 the survival signatures for various

cell species, frozen and thawed in different compositions

and concentrations of cryophylactic agents, are com-

pared. It is readily apparent that the characteristics

of the individual signatures are strongly influenced

by the cell species and cryophylactic agent as evi-

denced by differences in maximum magnitude, optimum

cooling rate, and area under the signature. The program

of investigation for this thesis has considered only

one such signature, that of human erythrocytes in

no cryophylactic agent. Thus, there remain many more

signatures to be explored. Of particular interest is

the determination of the combination of cryophylactic

agent, its concentration, and the optimum cooling rate
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which maximize the survival rate for certain types

of cells, such as blood platelets and granulocytes

and bone marrow stem cells.

All of the survival signatures shown in Figures

4.13 and4.14 were obtained for the same warming rate.

Thus, an obvious extension of this program of investi-

gation would be to explore the effects of the warming

rate on the survival of frozen-thawed cells. The

temperature control system employed with the cryo-

microscope is uniquely suited to isolating the in-

fluence of the warming rate on cellular injury for

systematic study.

One inherent drawback of the cryomicroscope is

that it is capable of freezing only very small speci-

men volumes, on the order of ½ microliter. This small

volume severily restricts the choice of viability

tests which may be employed to assay the cell survival

rates. Thus, it is desirable to verify experimental

results obtained on the cryomicroscope for a much

larger specimen volume, in order to be able to apply

more rigorous measures of cell viability at the
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expense of sacrificing the capability for directly

viewing the freezing and thawing processes. A freezer

having a specimen capacity of approximately 30 mili-

liters has been designed to satisfy this need and is

currently being fabricated in the Cryogenic Engineering

Laboratory. It will operate with the same automatic

temperature control system as is employed with the cryo-

microscope.

The temperature control system used with the

cryomicroscope affords the opportunity for the first

time to measure experimentally the validity of

Mazur's analytical model for freezing biological

cells. (19 ) The control system has been built so that

one of the primary assumptions incorporated into the

model, namely that the rate of cooling is constant,

can be experimentally duplicated. Thus, the cell

volume can be measured as a function of temperature

and rate of temperature change. This data can then

be compared with the analytical predictions of Mazur

to evaluate the applicability of the model, and to

indicate possible refinements which would result in

superior experimental correlation.
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A final suggested study is to employ the cryo-

microscope to.investigate hypertonic stress in red

cells as a function of temperature. This study would

be of value as it is related to the mechanism of cel-

lular injury occuring at cooling rates less than the

optimum rates in which cells are subjected to hyper-

tonic stress. The use of the cryomicroscope would

allow the study of the response of cells to a con-

centrated extracellular salt solution in a closely

controlled experimental environment having a variable

temperature. In this manner pertinent thermodynamic

data, including cell volume and temperature, could be

obtained with the objective of more accurately de-

scribing the relevant injury mechanisms experienced

by cells frozen in similar circumstances.
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APPENDIX A

A Review of Human Erythrocyte Preservation by Freezing

One of the most significant events in the history of low

temperature biological research was the empirical discovery

by Polge, Smith, and Parkes,(4)of the Drotective effect of

glycerol on frozen bovi ne spermatozoa. Smith subseauently

demonstrated that human erythrocytes equilibrated with 10%-15%

glycerol solution could also withstand the trauma of slow

freezing and thawing. (5) This finding immediately catalyzed

considerable investigation into both the basic mechanisms of

freezing injury in blood and the development of clinically

applicable techniques for the preservation of blood for trans-

fusion. Glycerolized, frozen red cells were first used suc-

cessfully for human transfusions by Mollison and Sloviter.(6)

Since then, extensive research efforts by many investigators

have resulted in the development of different freezing pro-

cedures. Crvopreservation of blood has now reached the point

of clinical applicability.

The interactions that occur in a cell and its surround-

ing medium durin7 freezing and thawing are very complex, and

it is a difficult task to isolate the effects which may occur

almost simultaneously. Imprecise knowledge of the actual

events occurring during the freezing and thawing of cells has

led to conflict and contradiction among the various theories
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of freezing injury. One common point of agreement is that

the mechanisms of ice formation are intimately involved in

causing cellular damage. Ice formation occurs in two dif-

ferent configurations in biological material: at slow cool--

ing rates ice forms only extracellularly, whereas at ra~id

cooling rates ice forms both intracellularly and extracel-

lularly. The study of the freezing of blood has accordingly

been divided into two catagories, one dealing with slow

cooling rates and the other with rapid cooling rates.

Extensive research by many investigators has been dir.-

ected toward determining how the type and extent of cellular

injury can be controlled by the physical parameters associa-

ted with freezing and thawing. The following five parameters

have been studied auite extensively as they relate to the

survival of frozen red blood cells:

(1) the time rate of temnerature decrease durine cooling

(2) the time rate of temperature increase during warming

(3) the storage temperature

(4) the physical and chemical composition of cryoprotec-
tive additive

(5) the concentration of cryoprotective additive in the
specimen.

Although these parameters are all interdependent in their

action on cells and are therefore difficult to study indivi-

dually, significant trends have been observed and are the

basis for current theories of freezing injury.



140.

The influence of cooling rates on the formation of

ice in biological materials has led to the categorizing of

freezing processes into two distinct classifications: one

for 'which the cooling rate is less than the transition

value for the formation of intracellular ice, and one for

which the cooling rate is greater than the transition value.

Accordingly, practical processes for the cryopreservation

of blood have been developed based upon relatively slow cool-

ing rates requiring the presence of an additive which pene-

trates the cell membrane, or on relatively rapid cooling rates

in the presence of a nonpenetrating protective additive.

(84)
An important contribution was made by Lovelock, in

1953 in his investigations of the protective action of gly-

cerol in red blood cells frozen at slow cooling rates. lie

suggested that a major cause of cellular injury could be

attributed to an increased concentration of intracellular

electrolytes resulting from the removal of cellular water by

an osmotic pressure gradient across the membrane. The dif-

ference in chemical potential between intracellular and extra-

cellular fluids is the cause of the osmotic action. The con-

centrated solutes, particularly sodium chloride, cause

chemical hemolysis in the blood cells. The protective action

of glycerol was thought to be related to its ability to form

hydrogen bonds with intracellular water and prevent it from

diffusing out of the cell. The glycerol-water solution thus

provides an effective solvent in which the electrolyte
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concentration remains below the lethal level. Consequently,

in order to exhibit this nrotective ability, it is essential

that the additive nenetrate the cell membrane to dilute the

intracellular salts. The Presence of a crvoprotective addi-

tive inside the cell has caused some of the greatest diffi-

culties in adapting blood frozen at slow cooling rates to

clinical use. For this type of freezing process, the cells

must be subjected to a nost-thaw washing process to remove

the additive before transfusion. Although nost-thaw washin-

has been very heloful in purifving blood Prior to infusion,

improved understanding of basic nroblems might lead to simpli-

fication, or possibly elimination of this sten.

Lovelock's theory of salt-concentration injury has re-

ceived considerable support since its inception, and a vast

amount of experimental evidence has been accumulated to sub-

stantiate his assertion. However there also exists suffi-

cient contradictory evidence to indicate that salt injury

is not the only mechanism of cellular damage caused by

freezing. (24 ,63, 76 8 5-,88 ) Many investigators have proposed

alternate theories substantiated by varying amounts of sup-

portive experimental work.(45,
76 ,865 89 )

Smith, Polge, and Smiles, conducted the first system-

atic investigation of the protective action of glycerol on

red blood cells. By adapting a special freezing stage to a

light microscope they were able to directly observe a sus-

pension of glycerolized red cells being frozen and thawed.
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They commented that the formation and dissolution of ice

crystals in the medium caused less mechanical stress to cells

in the presence of glycerol than in its absence. Their obser-

vations have been verified by later investigators using
(45J,5) (88)

similar experimental procedures. Hluggins, and
(63)

Nei, have supported the contention that hemolysis can be

caused by physical as well as chemical action. Huggins'

hypothesis states that the readjustment of the structured

water on either or both sides of the cell membrane during

thawing can create physical stresses in the membrane suffic-

itnely large to result in cell hemolysis. This effect is

especially pronounced when the cells are suspended in a

hypotonic solution prior to freezing. Under these conditions,

the cell volume increases with attendant increases in membrane

stress. Further support for this hypothesis is evidenced

by the diverse chemical nature of the many substances such
(90) (ni) (q) (92)

as serum, egg yolk, citrate, glucose, and other

(93)
sugars, which are known to exhibit protective action for

frozen cells. Thus it would seem probable that the effective-

ness of these additives is due to their colligative action as

an external source of osmotic pressure to reduce the size of

swollen cells. This renders the membranes less susceptible

to mechanical damage from recrystallizing ice during the

storage period and thawing.
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(89)
On the basis of his work with plant tissues, Levitt,

has proposed a theory in which cell dehydration is the primary

mechanism of freezing injury. The osmotic removal of solvent

water from the cells might cause proteins to cross-link via

the formation of disulfide bonds. The phenomenon of protein

denaturation would appear to offer an explanation for the

combined roles of ice formation and salt concentration in

that both contribute to the mechanism of cell dehydration.

(87)
A hypothesis recently proposed by Meryman, states

that the hemolysis of erythrocytes by freezing at slow cooling

rates is the result of damage to the cell membrane caused by

a greater osmotic pressure gradient across the membrane than

can be compensated for by changes in cell volume. The pro-

tective additive then acts on a purely colligative basis to

prevent the concentration of extracellular soluteswith no

specific chemical action involved.

Other investigators have related the function of cryo-

protective agents to more complex mechanisms than simple

colligative action and are therefore more closely aligned

with Lovelock's theory. Doebbler and Rinfret, have cor-

related protective activity with the concentration of poten-

tial hydrogen bonding groups provided by an additive.
(95)

Nash, asserts that the most important single characteris-

tic of an additive which protects living cells at temperatures

below freezing is very probably its affinity for water.
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Tt should be apparent that after twenty years of re-

search there is still a great deal of conjecture and misunder-

standing concerning the basic mechanisms of injury experienced

by erythrocytes frozen at slow rates of cooling. Extensive

experimental documentation has been accumulated to support

both the physical and chemical theories of injury, making

it difficult to dismiss the significance of either one. It

is almost certain that both mechanisms are involved in freez-

ing injury, and the real problem that remains is to determine

their respective spheres of influence as a function of the

physical parameters controlling the freezing process.

A second approach to the freezing of blood involves the

use of rapid cooling rates to produce intracellular ice. It

was first demonstrated by Luvet,(96 )in 1949 that human ervth-

rocytes could be frozen and thawed without causinn hemolvsis.

He attained a rapid rate of cooling bv sandwiching unprotected

whole blood between two thin glass coverslips and ouenchinýg

the specimen in a liquid nitrogen bath. After rapid warming

by immersion in saline, intact red cells were recovered

from the solution. Luvet's observations were pursued fur-
(39)

ther in 1955 when Meryman and Kafig, reported a techni-

que for the rapid cooling of whole blood by spraying it

through a fine capillary tube as droplets onto a surface of

licuid nitrogen. The droplets required only a few seconds

to reach -196 0 C at the surface after which they sank to the

bottom of the container and could be removed for lonc term
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storage. Recovery rates high in the 90% range were obtained

when small quantities of glucose were added as a cryoprotec-

tive agent. In an attemnt to develop this technique on a

clinical level, Rinfret and Doebbler (97)built an elaborate

apparatus to process transfusion size auantities of blood

by droplet freezing. Concurrently, Strumia (98)et.al.,

designed a rapid cooling system in which red cells mixed

with 5% glucose (membrane permeable) and 7.5% lactose (non

permeable), were frozen in thin-walled, envelone-shaped,

closed metal containers by quenching in liquid nitrogen.

Again, very high in vitro recovery rates were attained.

Although clinically accpetable levels of hemolvsis are

not consistently attainable with rapid freezing, these tech-

niques do offer the advantage that lengthy, elaborate washing

procedures are not required after thawing. The protective

additive and the products of hemolysis are infused along

with the red blood cells. Red cells frozen by rapid cooling

are protected from injury by various nontoxic additives at

relatively low concentrations which would hopefully be

tolerated by the circulatory system. The Practical utility

of freezing blood protected by glucose and lactose was later

(9)questioned by Pert, et. al., who showed that when blood

cells suspended in these sugar solutions are suddenly intro-

duced into a isotonic medium as during transfusion, they

experience rapid and extensive osmotic hemolysis.
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A wide variety of other compounds have been examined

for their protective effect during rapid cooling. Polyvinyl

pyrrolidone (PVP) was found to exhibit an unusually high

ability to protect red cells from freezing injury. Maximum

protection to blood is afforded at an overall concentration

of about 7% (w/v) for which viability rates greater than 90c

have been attained.

Although rapid cooling rates have been successfully

used to preserve red cells, the pertinent mechanisms of

freezing injury and cryoprotective activity have not been

elucidated. It has been postulated that intracellular ice

crystals mechanically damage the ultrastructure and macromole-

(100,101)
cular system of the cell or cell membrane, but a definite

(85)
correlation has not been demonstrated. There is no evidence

that indicates whether or not the injury mechanisms generally

thought to be responsible for slow cooling damage do indeed

play a significant role in rapid cooling injury. Improved

understanding of the course of action of cryoprotective

agents would facilitate the search for, or synthesis of more

effective agents than are presently recognized. Additionally,

the mechanisms of freezing injury might be clarified by a

more thorough knowledge of cryoprotective activity.

The effects of the warming rate on frozen cell survival

have not been investigated as thoroughly as have the effects

of the cooling rate. It is well known that the rate of warming
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during the thawing process plays an important role in con-

trolling injury to cells. The experimental study of warm-

ing rates is more formidable than that of cooling rates

because of the difficulty in designing a device to thaw the

frozen cells in such a manner that spatial temperature grad-

ients are not large enough for some of the cells to become

warmer than 450 C., at which temperature death occurs. How-

ever, the exact involvement of the warming rate with the

mechanisms of cellular injury is not understood, aside from

the simple observation that the more rapidly the cells are

warmed, the less time they are exposed to the damaging actions

of physical and chemical factors. In general, the extent of

damage to cells varies inversely with the magnitude of the
(45)

warming rate. Recent work by Diller and Cravalho, in-

dicated that the thawing process may be more intimately in-

volved in the actual occurrence of injury than was pre-

viously believed and therefore merits special attention in

future research activity.

Investigations to determine the effect of storage tem-

perature on freezing injury have centered around establish-

ing a "safe" temperature below which biological materials can

be kept with no deterioration in viability with time. Al-

though many frozen materials appear to be insensitive to the

period of storage at -790 (dry ice), others, such as erythro-
(24,102) (88)

cytes, are not. Huggins, has demonstrated that de-

pending upon the experimental conditions, the viability of
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human erythrocytes stored at -850C can seriously deteriorate

over a period of several days. A storage temperature of

-130 0 C has been generally accepted as the limit below which
(103)

all biological material can be safely stored. however,

it has been reported more recently that temperatures as low

as -196 0 C (LN 2 ) are required for acceptable long term preser-

vation.104) At storage temperatures above the safe value,

cellular injury accumulates in proportion to the storage

time and to the magnitude of the increment of the storage
(98)

temperature above the "safe" value.

Recently some effort has been devoted to the use of

pressure as an additional parameter to control hemolysis in

( 105,106)
freeze-preservation of red blood cells. Preliminary

data of this early work indicate that pressure can be suc-

cessfully used to minimize hemolysis, but that the precise

nature of its effect is not known. Clearly, more work needs

to be done in this area before pressure might be used for

this purpose in clinical situations.

Although blood freezing research since 1949 has been

successful in developing clinically acceptable procedures,

the empirical orientation of this work has left unanswered

many fundamental questions regarding the mechanisms of freez-

ing injury and additive protection. Consequently, although

there is still not a clear understanding of the events ex-

perienced by cells when they are exposed to the freeze,
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store, thaw and wash cycle, red cells are currently being

stored in the frozen state for clinical use by many different

techniques, one* of which is licensed by the Division of

Biologics Standards, National Institutes of Health.

In each of these methods, blood is modified by the addi-

tion of cryoprotective agents prior to freezing. Two pro-

cesses using glycerol to protect red cells during slow cooling

have been developed. The most difficult problem encountered

in the use of these procedures involves the addition and

removal of the protective agent from the freezing medium.

These cryoprotective procedures require elaborate processing

equipment, large quantities of consumable washing solutions

and lengthy processing times over and above those already

needed for the collection, storage, and transfusion of blood.
(7)

In an attempt to simplify the procedures, iiuggins, devised

a technique for agglomerating red cells suspended in glycerol

that requires no centrifugation. Upon the addition of non-

electrolyte solutions to the freezing medium, the red cells

clump together and sink to the bottom of the container. iiere

they may be readily separated from the supernatant solution

and resuspended for transfusion. This method of cryopreserva-

tion has seen application in many parts of the world.

"Massachusetts General Hospital System
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Other methods involve either continuous centrifugation

in an Arthur D. Little Cohn Fractionator or batchwise wash-
(107)

ing to add and remove the cryoprotective agent. These

methods have achieved excellent results.

The slow cooling techniques require a relatively high

concentration of cryoprotectant (30% or more) but have the

advantage that the survival rate of red cells is relatively

insensitive to variations in the freeze-store-thaw condi-

tions. The washing processes have also proved useful for re-

moving unwanted components from the blood prior to trans-

fusion.

Storage methods involving freezing at rapid cooling

rates are also in use. Several employ rapid cooling by

liquid nitrogen in the presence of an extracellular (non
(108)

penetrating) additive such as PVP or hydroxyethyl-starch
(1 0 9)

(MiES). Unique aspects of these methods are that they

involve freezing whole blood rather tihan only separated blood

products and that they require no post-thaw washing process.

The cryoprotective additive (7.5% PVP and 6% lIES) and the pro-

ducts of hemolysis are transfused directly to the patient

after thawing. Viability rates on the order of better than

80% are currently attainable; thus these methods have poten-

tial value for clinical use.
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A method of cryopreservation which has experienced

extensive application combines certain aspects of both the

slow and rapid cooling approaches:(8,9) an intracellular

cryoprotective additive, glycerol, is used at a much lower

concentration (14%) than for slow cooling rates, together

with rapid cooling in liquid nitrogen. The glycerol is

washed from the thawed blood by centrifugation before

transfusion. The cryopreservation of blood by this tech-

nique has proved to be clinically quite acceptable.

The various approaches to freezing blood have been

submitted to extensive comparative evaluation and clinical

testing at the Chelsea Naval Hospital.(ll0) These studies

have demonstrated the practical potential for the freeze

preservation of blood, but they also illustrate the neces-

sity for advances both in basic understanding and in the

capability of present methods.

Prospects for the future application of frozen blood

in routine transfusion service appear to be very good.

Although unit frozen storage costs are nominally higher

than in liquid storage and processing rates are slower and

more expensive, several important advantages may be cited

for frozen preservation which should ultimately offset
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the above drawbacks in many circumstances. These advantages

are discussed as follows. First, the rate of metabolic

deterioration is decreased by orders of magnitude in frozen

cells. As a result the oxygen transport capability of the

cells undergoes minimal diminution during storage and is

near its maximum value upon infusion. Second, the incidence

of infectious disease transmission via transfusion is re-

duced to practically zero. As an example, there has been

only one detected case of hepatitis transmission associated

with more than 23,000 frozen red cell transfusions at the

Massachusetts General Hospital. This statistic can be com-

pared with the personal and financial hardships incurred

with the .3% incidence of transfusion hepatitis for liquid

stored blood. Third, due to the decreased deterioration

rates, freezing enables the long term stockpiling of blood

to maintain a ready supply of rare types and to smooth

out seasonal and regional variations in donor shortages.

An important aspect of this long term storage is that no

outdating occurrs, which in turn reduces the relative unit

cost of infused cells because of the 20% discard rate

associated with refrigerated blood due to excessive aging.

Fourth, the processes of freezing, thawing, and washing

whole blood eliminate many components of the blood which
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can cause undesirable side effects in the transfusion.

This factor is especially significant in light of the in-

creasing frequency of organ transplantations, for which

frozen blood has been demonstrated to have superior ther-

apeutic value.
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APPENDIX B

Discussion of: "Analysis of Cell Freezing and
Dehydration",

ASME Paper No. 69-WA/HT-31
by G. R. Ling and C. L. Tien

by

Kenneth R. Diller and Ernest G. Cravalho
Department of Mechanical Engineering
Massachusetts Institute of Technology

Cambridge, Mass. 02139

One of the major contributions to the field of

cryobiology is the theoretical model of cell freezing

proposed by Mazur. (19 ) Unfortunately the analytical

expression describing the behavior of the model is

rather complicated and difficult to handle mathemati-

cally. By establishing various regiemes of the freez-

ing process, the present effort by Ling and Tien

greatly simplifies the expression formulated by Mazur.

On the basis of this new analysis, it is now possible

to establish in a simple manner the effect of the var-

ious parameters on the freezing process. Thus the

freezing process in cells is now better understood

than it has been heretofore.
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The authors have addressed themselves to the pro-

blem of cell preservation by freezing, but their analy-

sis is just as relevant to the problem of cell de-

struction by freezing. That is, this analysis will

aid not only in establishing the optimum cooling rates

and storage temperatures for cell preservation, but

also in establishing the optimum cooling rates and

cryoprobe temperatures for cryosurgical procedures.

There are a few specific points in the analysis

of Ling and Tien that merit additional comment. These

comments are primarily concerned with the limitations

imposed by the assumptions inherent in equation (1),

(equation 1.2 in thesis text), and by the assumptions

necessary to reduce this equation to a form suitable

for solution in closed form.

First, the derivation of equation (1) is based

on the assumption that the intra-cellular and extra-

cellular materials are in equilibrium with a vapor

phase (See reference (19)). However, there is no

vapor phase present in either a real cell system or

or in the thermodynamic system as defined by Figure 1.
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Therefore, from this point of view the validity of

equation (1) must be held in some degree of question.

Second, it is assumed that the system is at a

uniform temperature and experiences a constant cooling

rate. Unfortunately, these conditions are not satis-

fied in many experimental cases. That is, the cooling

rate is usually a function of the temperature of the

cell boundary, which may or may not be the same tem-

perature as the central portions of the cell. Clearly

these conditions severely limit the applicability of

the present analysis.

Third, the expression for the temperature de-

pendence of the latent heat L (See discussion follow-

ing equation (4).) is incorrect. The correct expres-

sion can assume several forms, all of which originate

with the Clapeyron equation

L=T-F -d (V;- ) (Ba)
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where the subscript f refers to the liquid phase and

the subscript s refers to the solid phase. Similarly,

d L (Cp)(C) + P 1(v

((8-2)
or

r[ (Lz) 1 dL L
dL T J T T

0 - (Cst) (8.3)

where t = (1/T) and the subscript sat denotes con-

ditions obtaining at saturation, i.e., for the liquid

and solid phase in equilibrium. There are a number

of assumptions that can be made to simplify the analy-

tical form of the above equations, but none of these

will yield the precise form given by Ling and Tien.
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One reasonable assumption is that the third term on

the right-hand side of equation (8,) above is negligible.

Then equation (8 2)can be integrated to give

(L-LO) = (T-To) [(cp). -(cp)s (B4)

where the subscript o denotes some reference state

such as the triple point. This expression is in good

agreement with the available experimental data.

Finally, it appears that in applying the analysis

to the yeast cells Saccharomyces cerevisiae the authors

have incorrectly computed some of the constants, part-

icularly Y. A value of 4.60 would appear to be more

appropriate for T. It is interesting to note that the

application of the analysis has been limited to yeast

cells which are certainly not typical of mammalian

cell systems, the class of cells of greatest practical

interest. This limitation is a matter of necessity

rather than convenience since at the present time ex-

perimental data is available only for yeast cells.
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In this regard we would like to point out that at the

MIT Cryogenic Engineering Laboratory, we have developed

a cinephotomicrographic system which will give con-

tinuous experimental values of the parameters e, I, and

E(as defined by Ling and Tien) as 8 is varied. The

apparatus provides for direct observation of a biolo-

gical specimen during the actual freezing and thawing

processes by incorporating a transparent freezing cham-

ber in the stage of a high-resolution light micro-

scope. Cooling rates up to -10,0000 C/min have been

obtained. The critical value of 8 and the corres-

ponding value of W can thus be determined for a wide

variety of freezing experiments, which will give a

direct experimental check on the validity of the analy-

sis of Ling and Tien. Experimental data will be forth-

coming shortly.

In conclusion, we would like to point out that

the present analysis is devoted entirely to the freez-

ing process of cell preservation. However, cell pre-

servation by this method is really a two-step process,

freezing followed by subsequent thawing, and recent
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evidence indicates that the thawing process may be

just as significant, perhaps more so, for cell sur-

vival. It is our hope that a theoretical model of

cell freezing and thawing capable of resolving the

aforementioned conceptual discrepancies will be

forthcoming. Since freezing and thawing are often

non-equilibrium processes, an analysis based upon the

theory of irreversible thermodynamics might prove

fruitful. Certainly the analysis of Ling and Tien

represents a significant first step in this direction

that hopefully others will follow.
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APPEN4DIX C

A Cryomicroscope for the Study of Freezing and'hawing
Procesess in Biological Cells

(The material in this appendix was published as a paper by
K. R. Diller and E. G. Cravalho in Cryobiology, Vol. 7,

No. 4-6, 1970, pp. 191-199)

A. Introduction:

The potential clinical importance of selectively freez-

ing and thawing biological material either reversibly ma -

reversibly has been recognized for many years. Reversible

freezing techniques have been developed and are currently

being employed in the long term preservation of certain bio-

logical materials such as red blood cells and spermatazoa,

so that essentially full living activity is regained upon the

return of these materials to normal temperatures. Hopefully

in the not too distant future, these techniques will]e ex-

tended to more complex biological materials such as whole

organs. Conversely, certain surgical procedures use localized

irreversible freezing to cause necrosis in the treated area

while producing no adverse effects in the surrounding tissue.

Hiere again it is just a question of time until these rocedures

find more widespread application.

Stated rather simply, the basic problem in each of-tese

applications is to effect heat transfer, at the proper rate

and proper temperature, within a biological system composed,

in general, of a wide variety of cells arranged in a complex
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geometry. Although this problem appears straightforward,

there are really two very different aspects to it. First,

the various cell types in a given biological system will

respond in different ways to the cooling and warming

processes, and second, as in the case of an organ, the

structure and geometry of the biological system can have

a significant effect on the response of the total system

to the cooling and warming processes. That is, the pro-

blems associated with freezing and thawing biological

materials exist on both microscopic and macroscopic levels,

and these two levels are sufficiently different that they

merit their own particular methods of approach. It is

the purpose of the present paper to describe one method

relevant to the microscopic level.

(24,111)
There exist in the literature reference works,

sufficiently current that it is hardly necessary to review

here previous research at the microscopic (cellular)

level. Suffice it to say that this previous research has

concentrated on the mechanisms of freezing injury. Al-

though several vastly different theories have been proposed

to explain irreversible freezing damage, all of them

agree that the mechanisms of ice formation play a major role.

Two different types of ice formation have been observed

in cell suspensions: at relatively low cooling rates,

i.e., when the time rate of temperature decrease is small,
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ice crystals form only extracellularly, while at relatively

high cooling rates they are formed both intracellularly

and extracellularly. The magnitude of the governing

cooling rate and its effect are dependent upon many para-

meters, the more important of which are the species of

cell being frozen and whether a cryoprotective agent has

been added to the specimen.

It is also known that the temperature-time history

during the thawing process plays an important part in

determining the final condition of the specimen, but

again, the exact mechanism is not well understood. Cur-

iously enough, the freezing process has received the

lion's share of the research effort with little effort

devoted to the thawing process. Whether or not such a

division of effort is justified remains to be seen.

B. Objective:

It is interesting to note that in the case of both

freezing and thawing processes, hypotheses regarding in-

jury mechanisms are formed on the basis of observations

made on the specimen prior to and subsequent to, but never

during, these processes. There is virtually no information

available about the dynamics of these processes. On the

basis of such limited information, it is not surprising,
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then, that conflicts and contradictions exist among the

various investigators regarding the mechanisms of injury.

Light microscopy offers a very effective means for

resolving these differences, but its application to this

problem is not a trivial matter. Nei, ( 6 3 ) Luyet and

Pribor, 00 and Rinfret,(62) have used this method pre-

viously, but their tests covered only a small range of tem-

peratures and cooling rates. These limitations were due,

in part, to the difficulties associated with the control

of the heat transfer rates and with the instrumentation of

the s;peci:nen to obtain accurate measurements of rapidly

changing temperatures. In spite of these limitations,

the results of these early experiments are impressive and

indicate that more extensive optical studies are warranted.

Any system that attempts to overcome the limitations

of these early efforts should satisfy the following de-

sign requirements. In order to fully test the analytical,

(19)
kinetic freezing models proposed by Mazur and Ling

and Tien,(28) the system should be capable of cooling rates

in the range lo ~ 4nin. to 10,000 0 C/min. and temperatures

in the range 310 0 K to 770 K. Because of the assumptions

inherent in these models, the system should be equipped

with a control system capable of maintaining these cooling

rates constant over the entire range of temperatures.
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The control system should also be capable of controlling

the final temperature of the cooling process to any desired

value in this range. Although no meaningful analytical

models exist at present for the thawing process, the

system capability for warming rates should be comparable

with that for cooling rates. Since these cooling and warm-

ing rates will involve events with time scales on the

order of milliseconds, the microscope should be fitted

with a cinephotographic system capable of several thousand

pictures per second. Finally, the microscope itself

should be capable of operating in the phase contrast mode

so that transparent objects can be more easily identified.

With a system that satisfies these design requirements,

it would be possible to expand the time scale of freezing

and thawing processes to the extent that phenomena such

as the movement of a solid-liquid interface through the

test specimen, the nucleation of intracellular and extracel-

lular ice crystals, the threshold cooling rate for the

formation of intracellular ice, morphological alterations

to the cells and their structural components, and volume

changes in the cells would be readily observable. This in-

formation is invaluable in the testing of the various

freezing models and in the formation of models for the

thawing process.
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C. Design:

To meet the foregoing design requirements, a cryo-

microscope shown schematically in Fig.2.1 has been built.

Specifically, a thermodynamic system has been fabricated

to fit on the stage of a light microscope. The wide

variety of cooling and warming rates are achieved by cool-

ing the system at a constant rate with a steady flow of

refrigerant fluid through the device and by simultaneously

dissipating electrical energy at a variable rate in a re-

sistance heater immersed in the fluid stream and in thermal

communication with the specimen. The maximum cooling

rate is achieved essentially by dissipating no electrical

energy in the heater while the maximum warming rate is

achieved essentially by turning off the refrigerant flow

and dissipating electrical energy at a maximum rate con-

sistent with heater integrity.

The specific design of the thermodynamic system is

shown schematically in Fig.2.Z. The system consists of a

stainless steel chamber, 0.4375 in. square, fabricated

from sheet 0.020 in. thick, with refrigerant inlet and

discharge tubes, 0.250 in. O.D. x 0.019 in. wall, silver

soldered in place. The openings in the top and bottom

faces of this chamber are fitted with quartz windows 0.007

inches thick and sealed with epoxy. These windows are
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actually quartz cover slips cut to fit the chamber. Ordi-

nary glass cover slips were originally used, but their

optical quality was found unsatisfactory. A small de-

flector 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

component of heat transfer. The height of the chamber

must be such that the working distance of the light mic-

roscope condenser is not exceeded.

The resistance heater consists of a thin, transparent

tin oxide coating deposited on the underside of the top

quartz window. By varying the thickness of this electrical-

ly conductive coating, any desired heater resistance can

be achieved. (Pre-coated glass sheet is available for

this purpose from Corning Glass Works, Corning, N. Y.,

but the present material was coated in our laboratory.)

The electrical resistance of the heater is typically on

the order of one hundred ohms and remains essentially in-

dependent of temperature between 3100 K and 770 K. Copper

electrical leads are attached to the heater with Dynaloy

350 solderable silver paint and connected to a D. C. power

source.

The chamber assembly is mounted in a phenolic block

attached to a standard Leitz traversing mechanism with two



168.

degrees of freedom in the horizontal plane. (See Fig. 2.3)

The low thermal conductivity of the phenolic block serves

to thermally isolate the chamber assembly from the body

of the microscope. The complete unit is mounted on a

standard stage base and attached to a ligh-t microscope,

Zeiss Universal Model. The microscope is fitted with a

long working distance condenser (7 mm), Zeiss Model IV Z/7,

equipped for phase contrast microscopy.

The specimen to be viewed can be mounted on the cham-

ber in two ways. It may be placed directly on the top

chamber window and then covered with a cover slip of the

appropriate thickness, or it may be placed between two

cover slips to form a sandwich which is then placed on the

top chamber window. The first method is preferred since

it minimizes the thermal mass and thermal resistance be-

tween the refrigerant and the specimen; however, it does

have the disadvantage that it is more difficult to assemble

than the latter method. Regardless of which method is

used, the top cover slip contains a small pocket etched

out with hydroflouric acid and fitted with a copper-constan-

tan thermocouple, 0.001 in. wire diameter. The small dia-

meter of the wires is crucial in order to minimize the
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thermal mass and hence, the thermal response time of the

thermocouple. The output of this thermocouple, which can

be displayed on an oscilloscope, oscillograph, or strip

chart recorder, serves as a measure of the bulk average

temperature of the specimen.

The specimen is viewed with a phase contrast 63x,

0.90 NA, Neoflaur Zeiss dry objective with a working dis-

tance of 0.12 mm. A dry objective was selected in prefer-

ence to 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

temperatures. With this objective, maximum useful total

magnification is limited by resolution considerations 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 gas is maintained in order to prevent the condensa-

tion 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 Ramsden type eyepiece and camera such as a 35 mmn or

4 in. x 5 in. camera for static studies or a 16 mm motion

picture camera for dynamic studies. Two motion picture
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cameras have been used on this system:

(1) A Beaulieu Model R16 fitted with 17 mm or 35 mm

lenses focused on infinity and

(2) A Wollensak Fastax Model W163269 fitted with a

35 mm lens also focused on infinity.

The Beaulieu camera is used for slow speed work, 8-64

pictures/sec., while the Fastax camera is used for high

speed work, 400-2000 pictures/sec.

A magnetic probe is positioned adjacent to the drive

sprocket of the Fastax camera so that it produces a voltage

pulse as each tooth of the sprocket passes.ll This

voltage pulse is amplified and fed into a General Radio

type 1191 counter to monitor the number of picture frames

exposed during a given filming period. The magnetic

probe output can also serve to correlate the events recorded

on film with their temperature-time history as obtained

from the thermocouple output. To this end, the voltage

outputs of the probe and thermocouple can be simultaneously

printed with the same time base on a two-channel strip

chart recorder. Thus, the temperature of the specimen

for a particular frame of the film can be directly deter-

mined from the thermocouple output printed in time between

the two voltage pulses that identify that frame. An addi-

tional time check of the filming speed is provided by a

flash lamp located within the Fastax camera housing. The
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lamp, which flashes at a rate of 60 liz, exposes a small

portion of the film margin at regular time intervals,

thereby producing an accurate reference for measuring the

elapsed time between events recorded on the film. Finally,

the voltage output of the thermocouple can be used to

trigger either movie camera on or off so that predeter-

mined portions of the freezing and thawing processes may

be selectively filmed.

In order to meet the demanding illumination require-

ments of high speed cinephotography, the microscope is

fitted with a high pressure Xenon illumination source,

Zeiss Model XBO 150. This light source has a mean lumin-

ance of 15,000 stilbs and a color temperature of 6,000
0 K

making it ideally suited for high speed photography both

in color and in black and white.

A specially designed feedback control system is em-

ployed in conjunction with the cryonicroscope to achieve

a wide variety of constant cooling and warming rates and

storage and thawing temperatures in the cell specimen.

(See Fig.2.6) As shown in Fig2.7, the control system is

of the analog type in which a signal generator, inverter,

and integrator are used to generate a voltage representa-

tive of the desired linear temperature-time profile, be

it cooling or warming. This profile is continuously
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compared in a summing unit with the amplified thermocouple

output, representative of the specimen temperature. If

the output from the summing unit is positive, indicating

that the specimen temperature is lower than the generated

reference temperature, heat input to the specimen is re-

quired. If the output is negative, the heat supplied to

specimen is reduced to zero. The necessary heater power

is obtained by amplifying the summing unit output signal

in a power amplifier, (Fig.2.6) with the heater resistance

as the load. The various cooling rate profiles are gener-

ated by switching to different integrator resistance, R'5

(Fig.2.6) according to a predetermined calibration. The

control system is changed from cooling rates to warming

rates by activating the temperature rate inverter. The

end temperature for warming is set by the value of diode

D1 in the limiter, whereas the final temperature for cool-

ing is determined by reducing the voltage input to the

integrator to zero. The magnitude of the input signal to

the power amplifier can be changed by adjusting the value

of resistor Rg to produce an effect synonymous with vary-

ing the power amplifier gain. The sensitivity of the

control system to differences in the specimen and gen-

erated reference temperatures is regulated by varying the

value of resistor R6.
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A photograph of the cryomicroscope as described above

is shown in Fig. 2.4.

D. Operation:

To operate the cryomicroscope, the specimen is

mounted on the freezing and thawing stage by means of one

of the two previously indicated methods. The analog con-

troller is set to a desired initial temperature, e.g. 37%C,

by switching to the appropriate diode combination in the

limiter. The controller is set for a thaw process while

the refrigerant flow is increased to the desired maximum

value. The action of the controller-heater combination

will maintain the specimen at the desired initial tempera-

ture. The cooling rate is preprogrammed by selecting the

proper value for resistor R 5 in the integrator. The

temperature rate inverter is then activated and the speci-

men will cool at the selected rate. The base temperature

for the cooling process is determined by switching off

tile voltage input to thie integrator when the desired

minimum specimen temperature is reached. The specimen is

thawed simply by setting the upper limit on the temperature

and the warming rate as before and activating the tempera-

ture rate inverter.
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For both the freezing and thawing processes, film

records and temperature-time histories are obtained simply

by activating the necessary apparatus at the proper time.

E. Applications:

This unique apparatus now enables the cryobiologist

to study the dynamics of the freezing and thawing processes,

not only in real time but in dilated time as well. From

the film records of these processes, the propagation

velocity of the liquid-solid interface through the speci-

men can be evaluated, volume changes and rates of volume

change can be measured, and morphological changes assoc-

iated with these thermodynamic processes can be determined.

With the aid of polarized light, intercellular and extra-

cellular ice crystals can be detected. Finally, since

cooling and warming rates can be precisely controlled in

this apparatus, it is now possible to experimentally de-

termine the effect these parameters play in freezing and

thawing injury.

F. Limitations:

While it is clear that the cryomicroscope has

opened a new avenue of research for the cryobiologist, it

would be naive to presume that such an apparatus is without

its limitations.
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For example, the thermocouple output is not linear

with temperature. Thus when this output is read into the

analog control system in its present form, the net result

is a temperature-time profile which is non-linear in

temperature but linear in thermocouple c.m.f. The magni-

tude of this non-linearity is approximately 5 per cent

over the temperature range 3100 K to 770 K, but can be

reduced to zero by using a preprogramed temperature-time

profile that compensates for the non-linearity. Such a

record could be generated on an analog computer and re-

corded on magnetic tape for subsequent input to the con-

trol system. The thermocouple is an additional source of

error in that it does not detect the temperature of an in-

dividual cell but rather the average temperature of a cell

suspension. This situation is further complicated by the

fact that the method of cooling and warming the specimen

in this system results in a temperature gradient in the

specimen. The magnitude of this gradient depends upon the

heat transfer rate and can be quite large; however, the

specimen is so thin (10-504) that the actual temperature

differences across the specimen are essentially zero. (See

Appendix I) In its present state of development, it is

not possible to measure intracellular temperature gradients
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with this system; however, this limitation is not unique

to this apparatus. In addition, the supercooling that

occurs during freezing can be both substantial and random,

but there is no method for controlling it. 'Whether this

effect results in misleading data remains to be seen.

The experimental procedure required by the cryomi-

croscope places rather severe restrictions on the types of

viability tests that can be employed. Any test requiring

a significant volume of cells is clearly unsuitable due

to the size of the specimen. Also, the specimen is often

destroyed during the retrieval process, prohibiting the

use of post-thaw viability tests. For this reason, it

has been necessary to depend heavily upon visual indica-

tions of cell viability. It is quite possible that the

method of specimen preparation between cover slips subjects

the cells to strong surface forces that might cause results

to be misleading. The thickness of the cell suspensions

is such that individual cells might also experience strong

interactions with solid surfaces.

The ability to visually monitor the condition of

cellular ultrastructure during freezing and thawing is

limited by the resolution of the microscope. However,

this limitation is not unique to the cryomicroscope since

at present there exists no other instrument which can pro-

vide a dynamic record of changes in the ultrastructure.
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Finally, meaningful quantitative data can be obtained

with the cryomicroscope only at the expense of consider-

able care on the part of the experimenter; however, this

situation improves with the refinement of technique and

improvements in apparatus design.
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APPENDIX D

Heat Transfer Analysis of Low Temperature Stage

The low temperature system has been modeled by the

method of electrical analogy. In Figure D.1 the boundary

of the thermodynamic system is defined and the appropriate

heat transfer and mass transfer fluxes across the boundary

are identified. The analogous electrical network is pre-

sented in Figure D.2 in which temperature corresponds to

voltage potential, thermal conductivity to the recipricol

of electrical resistance, thermal heat capacity to elec-

trical capacitance, and a heat source to a current source.

It is assumed that initially the entire system is at a

uniform temperature To, analogous to electrical grounding

to a potential Vo, that all heat fluxes are one dimen-

sional, that radiation heat transfer is negligible, that

the distributed parameter thermal system can be modeled

as a lumped parameter electrical system, and that all

properties are independent of temperature. Numerical values

can be calculated for each of the components of the model

by employing standard methods of heat transfer analysis in

conjunction with known performance parameters of the sys-

tem. After extensive calculations, the values shown in
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Figure D.3 were determined for the resistances and

capacitances defined in Figure D.2. The electrical net-

work can now be simplified by neglecting relatively small

values of the R's and C's and lumping together resistances

connected directly in series. This revised model is shown

in Figure D.4 in which the newly defined components are

identified.

iNumerical solutions for this model will be obtained

by analysis on the digital computer in order to evaluate

the system design and to determine optimum thermal per-

formance characteristics. A preliminary solution has been

obtained by Mr. John McGrath for the case in which no

heat is dissipated in the electrical resistance heater and

the influence of the microscope objective is removed. The

specimen thermal history predicted by the model is compared

in Figure D.5 with the experimentally measured thermal

history for a given refrigerant flow rate. Based on these

early indications, it appears that this method of analysis

will provide a valid technique for determining modifications

to improve the system design.
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APPENDIX E

Process for Depositing an Electrically Conductive Tin

Oxide Film on Glass

1. Spray mixture preparation: dissolve 17 gm Stannic

Chloride Pentadihydrate and 0.5 Antimony Tri-

chloride in 34 gm Acetone.

2. Heat glass in an oven to 11000F.

3. A Paasche H "3 in 1" airbrush* under 20 P.S.I.

dry nitrogen is used to spray the mixture onto the

glass in the oven for approximately 10 seconds to

produce a resistance of about 500 ohms per square.

4. After spraying, glass can be immediately cooled to

room temperature.

NOTE: (a) The spray mixture can be kept in a glass

container after preparation until the mixture turns

yellow, at which time it becomes explosive. This

condition is reached after about 1 week. After

* Paasche Airbrush Company, Chicago 14, Ill.
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the mixture turns yellow, it should be highly diluted

with water and washed down a drain.

(b) All contact of the spray mixture with metal

should be avoided because it is very corrosive.

(c) The airbrush should be washed thoroughly with

soapy water immediately after spraying.

(d) The glass temperature must be kept close to

1100 0 F during the spraying process for best results.

This may require that the spraying be interrupted

several times so that the glass can be reheated.

(e) Suggested product for making contacts:

Dynalloy 350 Solderable Silver Epoxy, 3 oz. can @ $10.00,

Dynalloy, Inc., 7 Great Meadow Lane, Hanover, New Jersey.



187.

APPENDIX F

Consequences of Rapid Changes in Temperature on the

Performance of a Microscope Objective

Summary

A Bausch and Lomb 40x, 0.65 noa. microscope ob-

jective (weighing 53.3 gm.) was subjected to rapid

cooling rates to determine whether the resulting ther-

mal stresses affected the performance capability of

the objective. In the most severe test performed, a

high velocity stream of liquid nitrogen (at -196 0 C)

was sprayed directly onto the objective. Experimen-

tal results indicate that an objective can be satis-

factorily employed with no damage under such rigerous

thermal conditions, as in the examination of a speci-

men frozen to -196 0 C on a cryomicroscope.

Experimental Methods and Equipment

The microscope objective was thermally stressed

by two separate techniques. For the first method the

objective was rapidly lowered to a preset working dis-

tance from a liquid nitrogen cooled plate and the
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initial temperature-time curve and the final equili-

brium temperature of the objective were simultaneously

measured and recorded (see FigureEl). The temperature

of the objective was measured by a copper-constantan

thermocouple held to the tip of the objective by silver

base paint. The thermocouple voltage was measured on

a Leeds and Northrup potentiometer at slow rates of

temperature change and on a cathode ray oscilloscope

for rapid rates ot temperature change. A gaseous

helium environment was provided for the cold plate

and objective to prevent the accumulation of conden-

sate from air onto the apparatus.

The objective was cooled in the second method

by directing a stream of liquid nitrogen from a pres-

surized dewar vessel onto the objective. Maximum

cooling rates were obtained by rapidly opening the

valve on the dewar from closed to wide open as quickly

as possible. The liquid nitrogen was aimed directly

onto the bottom of the objective (see FigureF2). The

transient temperature was measured by a copper-constan-

tan thermocouple and recorded on a cathode ray oscil-

loscope. The objective was exposed to the liquid nit-

rogen stream for approximately 3 seconds.
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Results

The temperature-time curve obtained for a spacing

between the cold plate and the objective of 0.005 in.

(0.128 m.m.) is shown in FigureF3. The cooling rate

was highest when the objective was first moved close

to the cold plate, after which it decreased and the

temperature approached an equilibrium value. This equili-

brium temperature is a function of both the working

distance and the flow velocity of helium gas over the

objective. As the working distance is made smaller,

the equilibrium temperature decreases. When the work-

ing distance is held constant an optimum helium vel-

ocity exists that maximizes the equilibrium tempera-

ture. If the velocity is either raised or lowered

from the optimum value the equilibrium temperature

will drop.

At the conclusion of the first series of tests

the objective was tested for the quality of the image

produced. There was no observable change in optical

characteristics at this time.
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The temperature-time curve from the second test

for the sudden exposure of the objective to a liquid

nitrogen stream is shown in FigureF4. A second ex-

amination of the objective after this test revealed

that no damage had occurred.

Discussion

The purpose of the tests was to determine whether

an objective with a 0.12 mm working distance would be

damaged during examination of a frozen specimen at

770 K on a cryomicroscope. The first series of tests

duplicates the actual operating conditions for an

objective on a cryomicroscope. The results indicate

that an objective can be safely used in this applica-

tion provided it is continually warmed by a stream of

helium gas.

The second test was conducted to determine what

would happen if the low temperature freezing stage

(see Figure 2.3) should rupture causing a pressurized

stream of liquid nitrogen to be suddenly sprayed dir-

ectly onto the objective. This test simulated the most
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severe condition of thermal stress that the objective

might be required to withstand. The objective was

not damaged during this test, and therefore should

be suitable for use on a cryomicroscope.
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APPENDIX G

An Analytical Model for Thermal Resistance
Between the Low Temperature Chamber and the

Specimen Coverslip

A resistance to heat flow exists at the interface

between the top of the low temperature chamber and the

adjacent specimen coverslip. An illustration of the mic-

roscopic geometry representative of the substrate sur-

faces at this interface is shown in Figure G.l. Materials

a and c represent respectively the low temperature chamber

window and the coverslip, whereas b is the interstitial

medium between substrates a and c. Figure G.1 illustrates

that the macroscopically smooth surface of a and c are

actually quite rough and randomly shaped when viewed

at high magnification. Consequently, when the two sur-

faces are pressed together, contact is made at only a

few discrete points, which compose a very small percen-

tage of the total surface area. Nonetheless, a signi-

ficant portion of the heat flow between a and c is directed

through these small contact areas because the thermal re-

sistance of the solid substrates is in general much lower

than that of the interstitial fluid. It will be assumed

that the value of the parameters governing heat flow
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Figure G.1. Microscopic Representation of the
Interface Between Two Adjacent Solid
Surfaces
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through the areas of solid to solid contact are cons-

trained by the design of the system, and that the heat

transfer can be enhanced only by varying properties of

the interstitial medium b. The achievement of optimum

system performance requires that the thermal relaxation

time of b for changes in substrate temperature be minimized.

Alternatively stated, it is desirable to have the speci-

men temperature respond as rapidly to variations in the

rate of heat input or removal from the low temperature

chamber as is dictated by the temperature control system.

It is assumed that there is no relative motion between a,

b, and c, that the medium b can be modeled as a one dim-

ensional system along the x coordinate, and that heat

transfer by natural convection and radial conduction can

be neglected. An electrical analogy can be drawn to re-

present the transmission of heat between the substrates

a and c. The circuit diagram is shown in Figure G.2.

The thermal equivalents in this circuit are as follows:

R1 and R3 are the interfacial resistances to heat trans-

fer between the two substrates and the interstitial

fluid, R2 the resistance to heat conduction through b,

R the resistance to heat conduction through the areas

__ I I · LII1Zi~BsZ~S~1 II I~91 ,----_----- -- P~sm~s~rmrra--~ ~rr~B
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of direct contact between a and c, capacity of b, and

V(t) the temperature difference between the substrates,

which varies as a function of time. R4 has been assumed

to be fixed, and therefore only the parallel heat flux

through the interstitial R-C circuit will be considered.

The thermal function of R2 and C is described by the one

dimensional differential equation for the transient con-

duction of heat,

ST 3T (G.1)
Sx 2  K t

-X?-
where =p C = thermal diffusivity. By inspection of

equation (G.1), it is seen that for any given alteration

in the boundary temperatures, the transient response

time of medium b is reduced as the thermal diffusivity

becomes larger. A list of the thermal diffusivity at

00 F for a number of possible interstitial media is pre-

sented in Figure G.3. It is apparent that helium gas

is the most effective of these materials for transient

heat conduction at 00F.
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Next, the effects of resistances R1 and R3 will be

considered. For any given substrate temperatures, the

magnitude of R1 and R3 effectively determine the boun-

dary temperatures for equation (G.1). Jakob ( 114 ) has

described the phenomena of thermal interfacial resis-

tance between liquids and gases and metal substrates.

Very little numerical data is available describing this

complicated phenomenon. In general the resistance of

gases is much greater than that of liquids, although

this effect has not been quantified as it relates to

the present problem. A conclusion that can be drawn

from Jakob's discussion is that the surface resistance

is heavily dependent upon the thermal conductivity of

the fluid immediately adjacent to the solid substrate.

However, this effect has been included in resistance R2

in the definition of this model. It will therefore be

assumed that the surface contact resistance does not

significantly alter the boundary temperatures for equa-

tion (G.1) as a function of the medium between the solid

substrates. Thus, based upon the preceding analysis,

gaseous helium may be effectively employed as a heat
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transfer medium between the low temperature chamber and

the specimen coverslips for the temperature range of

application.
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APPENDIX H

Analysis of Refrigerant Heat Exchanger Design

Cool, dry helium gas is employed as the refrigerant

for the low temperature stage of the cryomicroscope.

The source of helium is a pressure regulated, compressed

gas cylinder at room temperature. Refrigeration is effect-

ed by forcing gas from this cylinder through a liquid nit-

rogen bath heat exchanger, from which it is introduced

directly into the low temperature stage. This appendix

will present the specifications and operation criteria

for the heat exchanger.

A photograph of the refrigerant heat exchanger is

shown in Figure 2.5. It consists of a folded array of

copper tubing placed within an insulated stainless steel

container. Six identical copper tubes, having 1/8 inch

inside diameter and 1/16 inch wall thickness, are con-

nected in parallel between the inlet and outlet mani-

folds such that each tube has 15 straight sections, 11

inches long, and 14 1800 bends of ½ inch radius (for a

total length L=187 inches). The exterior dimensions of

the liquid nitrogen container are 8 inches width, 13½
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inches length, and 11½ inches height. This entire unit

is surrounded by a 2 inch layer of expanded silica in-

sulation. The boil off time for a full container of

liquid nitrogen with no helium gas flow is 25 hours.

The number of transfer units (NTU) can be cal-

culated to determine the effective heat transfer size of

the exchanger, according to the definition presented by

Kays and London(1
1 5 )

NTU = A UAVGU dA (H.1)
CMIN CMIN

where U = overall conductance for heat transfer
A = the transfer area used in the definition of U
C = c minimum capacity rate of the two ex-

ch nger fluids (helium gas in this instance)

U will be calculated for heat transfer at the helium-

tube interface, and A is therefore the internal surface

area of the copper tubing. The overall heat conductance

between the liquid nitrogen and the gaseous helium is

assumed to be composed of three terms, due to the film

coefficients at the inner and outer surfaces of the tube

and conduction through the tube wall
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I I + + a (H.2)
U he, Alme hKLM Acu Kcu

A He AHe

where a is the wall thickness. It is additionally assumed

that U is constant across the heat transfer area of the

exchanger. Numerical values for the terms in equation

(H.1) are obtained as follows.

The maximum volumetric flow of helium through the

system was measured to be G = 180 ft3 /hr, corresponding to

a gas bottle regulator pressure of 15 psi. The density

of helium gas at 700 F and 1 atmosphere of pressure is

p= 1.01 x 10- 21bm/ft 3 . The corresponding mass flow rate

of helium is then

m = G = 1.01 x 10 21bm/ft 3 x 180 ft3/hr = 3.03 lbm/hr

The specific heat of helium gas at 700 F and 1 atmosphere

is cp = 1.24 BTU/lbm - Ro, and is nearly invarriant with

temperature. The capacity rate for helium gas is deter-

mined to be

C = me 3.03 lbm/hr x 1.24 BTU/lbm - RO = 3.76 BTU
P hr-R

The heat transfer area on the inside of the exchanger tubes

is given by

A=TrDL= l x I2zsxo 6 x6 1.87x10 I = 3.06 nt 2
1.44 x 102 in2/Wt
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The film coefficient for heat transfer on the liquid

nitrogen side of the tubing can be evaluated ifV/A is

known. The measured outlet temperature of the helium gas

at 180 ft3/hr flow rate is THe-OUT=-160 0 C. Thus, q,/A

is determined according to the relation

C /A = C(T•e,. - TH-ou-r))/A

' R76 U 5s30CR -2030R)13.Ob Wt= 400 WrQ

Next, the temperature difference between the boiling

liquid nitrogen and the outer tube wall is noted to be

3.25 0 R from the curve of heat flux (cq/A) versus tempera-

ture difference for steady state pool boiling.(11 6 ) Thus,

the film coefficient is given by

_ 4.Ox 102 "3T tLA/fthr 1.23 x102 BTt
"z 3.25 R t+- h"r-R"

The Reynolds number for helium gas flow through the

tubing must be determined in order to evaluate hHe'
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pVD _ __p

Rey = 7.61 x 102,which is in the laminar flow regime.

Rohsenow(11 7)gives a Nusselt number correlation for

laminar flow of gas inside of tubes having uniform wall

temperature.

hDNu = D 3.66K

It follows that

hie- 3.66K = 3.'O x 10' STU

He D k4-.-Vk- R

An average value for the thermal conductivity of copper

is evaluated at temperature T TLN2 + THe-IN such

that

Kcu = 2.39 x 102 BTU/hr - ft - Ro

The effective heat transfer areas for Kcu and hLN 2 are

taken as 1.5 AHe and 2.0 AHe, respectively. Substitution

of the appropriate terms into equation (H.2) yields a

numerical value for U.



1 1 6.;S x o -

U + +_
3,08x10' 2 x1?-23-10 . 1,2 x10' , "39 •)/ 2

= 2.74 -1 oi BTu

The NTU rating of the exchanger is now determined from

equation (H.1)

NTU Au . 7 3
C

The heat transfer effectiveness of an exchanger is

defined by Kays and London(115)as

Ch (T-,N - T-c•T (H.3
CMN (Th- ,-Tc-uQT)

In this application equation (H.3) becomes

Te--IN - THe-OCUT 530 -3O:= - -- 0.836
530-139

209.
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6 =
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APPENDIX I

Analysis of the Vertical Temperature Gradient
Across the Specimen

The maximum vertical temperature difference across

the specimen can be analytically determined as a function

of the blood film thickness and the cooling rate. A

model of the thermodynamic system under consideration

is illustrated in Figure I.1. k is the specimen thick-

ness, which is assumed to be (1) uniform across the en-

tire area, A, and (2) much smaller in magnitude than A

(W<<A). It follows that only one dimensional variations

(as a function of position along the x coordinate) in

the system thermodynamic properties need be considered.

The convective and radiative components of heat trans-

mission may be disregarded in this system, so that the

temperature distribution in the specimen is described

by the diffusion equation,

-3T' o<< (I.l)
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where K =-K is the thermal diffusivity and T is defined

by

T = T - Ti

and T1 is initial, uniform temperature of the specimen.

It is also assumed that the temperature at surface x = I

is changing at a constant rate and surface x = o is in-

sulated. Thus, the boundary and initial conditions which

describe this problem are,

T=O , t=o

S= (1.2)

x -- C)

where B is the rate of temperature change. The general

solution to this problem is given in Carslaw and Jaeger(118)

as

T= Bt + (2
2 K

(1.3)

t 16 1 • (_1)n  _ K (2n+ 1)2TY t

Scos (2+n+1)2x1)

COS (2*I+ 1) 1T x
2 ý

bx
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The temperature difference across the specimen can be

expressed in the form of equation (1.3) as

6T= Tx=j -T x-o

= Bt -Bt + iB
2K

16B 2 0 (_1) n

K I 3 _ (2n +1)

F3 1 16 E
K 2 1

f•( 2 n+i)7Tr t

Kr ~-4- 9" --r

27

_ -25 Krt _ 49.Krr2 t

+ e_ e +4
125 343

SB 1 16 4K
K 2 e J

Af can be determined from equation (1.4) as a function

of the cooling rate (B ) and the average specimen tem-

perature (which sets the values of the physical parameter

K). The dependence of AT upon these two parameters is

illustrated in Figure 1.2 which is a compilation of solu-

tions to equation (1.4) for T[ = 250C and = 20/4 .

(1.4)
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K

(ft2/hr)

5.07 x 10 - 3

(Oc/min)

10

106

4.80 x 10-2

10 4

106

t

(min)

2.5

2.5 x 10- 3

2.5 x 10 - 5

2.5

2.5 x 10- 3

2.5 x 10-5

AT

(CO)

2.5 x 10 - 4

2.5 x 10 - 1

2.0 x 101

2.7 x 10 - 5

2.7 x 10-2

2.2

Figure I.2

Vertical Temperature Gradient Across Specimen for

Tj = 250 C and 1 = 20/,

Calculations of AT based on this model indicate that cool-

ing rates in excess of -50,000oC/min would be required

to create a temperature drop of greater than 10C through

the system. It can be concluded that vertical temperature

gradients are not a significant source of error for the

operation tolerances inherent in the experimental system.

TAVG

(Co)
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OICE



215.

REFERENCES

1. Boyle, R., "New Experiments and Observations
Touching Cold", R. Davis, London, 1683.

2. Belehradek, J., "Temperature and Living Matter",
Protoplasma-Mongraphien, No. 8, Berlin,
Borntrager, 1935.

3. Luyet, B.J. and Gehenio, P.M., "Life and Death
at Low Temperatures", Normandy, Missouri,
Biodynamica, 1940.

4. Polge, C., Smith, A.U. and Parkes, A.S., "Revival
of Spermatozoa after Vitrification and Dehydration
at Low Temperatures", Nature, vol. 164, 1949,
p. 666.

5. Smith, A.U., "Prevention of Haemolysis during
Freezing and Thawing of Red Blood Cells", Lancet,
vol. 259, 1950, pp. 910-911.

6. Mollison, P.L. and Sloviter, H.A., "Successful
Transfusion of Previously Frozen Human Red Cells",
Lancet, vol. 261, 1951, pp. 862-864.

7. Huggins, C.E., "Frozen Blood", Annals of Surgery,
October, 1964, pp. 643-649.

8. Rowe, A.W., "Preservation of Blood at the New
York Blood Center by a Low-Glycerol, Rapid-
Freeze Technique", in International Working
Conference on the Freeze-Preservation of Blood,
U.S. Office of Naval Research Report DR-143,
1967, pp. 44-50.

9. Pert, J.H., "Low-Glycerol Preservation Method Used
by the American National Red Cross", in International
Working Conference on the Freeze-Preservation of
Blood, U.S. Office of Naval Research Report DR-143,
1967, pp. 51-52.



216.

10. Pyle, H.M., Tullis, J.L., and Sproul, M.T.,
"Clinical Effectiveness of a Frozen Blood Bank",
Proceedings of the IX Congress, International
Society Blood Transfusion, Mexico City, 1962,
S. Karger, Basel, Switzerland, 1964, p. 54.

11. Sadleir, R.M.F.S., "Preservation of Mammalian
Spermatozoa by Freezing", Laboratory Practice,
vol. 15, 1966, pp. 413-417.

12. Mueller, F.O., Casey, T.A., and Trevor-Roper, P.D.,
"Use of Deep-frozen Human Cornea in Full-thickness
Grafts", British Medicine Journal,vol. ii, 1964,
pp. 473-475.

13. Lehr, H.B., Berggren, R.B., Lotke, P.A., and
Coriell, L.L., "Permanent Survival of Preserved
Skin Autografts", Surgery (St. Louis), vol. 56,
1964, pp. 742-746.

14. Djerassi, I., and Roy, A., "A Method for Preserva-
tion of Viable Platelets: Combined Effects of
Sugars and Dimethylsulfoxide", Blood, vol. 22,
no. 6, 1963, pp. 703-717.

15. Rowe, A.W., and Cohen, E., "Phagocytic Activity
and Antigenic Integrity of Leukocytes Preserved
with Dimethyl Sulfoxide at a Cryogenic Temperature
(-196oC)", Vox Sanguinis, vol. 10, 1965, p. 382.

16. Pegg, D.E., "Freezing of Bone Marrow for Clinical
Use", Cryobiology, vol. 1, no. 1, 1964, p. 64.

17. Luyet, B.J., "Resumption of Activity in Spontaneously
and Nonspontaneously Beating Pieces of Frog's
Hearts After Freezing in Liquid Nitrogen",
Biodynamica, vol. 10, 1970, pp. 261-275.

18. Mazur, P., Leibo, S.P., Farrant, J., Chu, E.H.Y.,
Hanna, M.G. Jr., and Smith, L.H., "Interactions
of Cooling Rate, Warming Rate and Protective
Additive on the Survival of Frozen Mammalian
Cells", in The Frozen Cell, ed. by Wolstenholme
and O'Connor, Churchill, London, 1970, pp. 69-88.



217.

19. Mazur, P., "Kinetics of Water Loss from Cells at
Subzero Temperatures and the.Likelihood of Intra-
cellular Freezing", Journal of General Physiology,
vol. 47, 1963, pp. 347-369.

20. Lindenmeyer, C.S., Orrok, G.T., Jackson, K.A.,
and Chalmers, B., "Rate of Growth of Ice Crystals
in Supercooled Water", Journal of Chemical Physics,
vol. 27, 1957, p. 822.

21. Camp, P.R., "The Formation of Ice at Water-Solid
Interfaces", Annals New York Academy of Sciences,
vol. 125, art. 2, 1965, pp. 317-343.

22. Mazur, P., "The Role of Cell Membranes in the
Freezing of Yeast and Other Single Cells",
Annals New York Academy of Sciences, vol. 125,
1965, pp. 658-676.

23. Mazur, P., "Studies on Rapidly Frozen Suspensions
of Yeast Cells by Differential Thermal Analysis
and Conductometry", Biophysics Journal, vol. 3,
1963, pp. 323-353.

24. Meryman, H.T., "Review of Biological Freezing",
in Cryobiology, ed. by Meryman, Academic Press,
London, 1966, pp. 1-114.

25. Dorsey, N.E., "The Freezing of Supercooled Water",
Transactions American Philosophical Society,
vol. 38, pt. 3, 1948, pp. 247-328.

26. Lusena, C.V., and Cook, W.H., "Ice Propogation in
Systems of Biological Interest. II. Effect of
Solutes at Rapid Cooling Rates", Archives of
Biochemistry and Biophysics, vol. 50, 1954,
pp. 243-251.

27. Meryman, H.T., "The Exceeding of a Minimum Tolerable
Cell Volume in Hypertonic Suspension as a Cause
of Freezing Injury", in The Frozen Cell, ed. by
Wolstenholme and O'Connor, Churchill, London, 1970,
pp. 51-68.



218.

28. Ling, G.R., and Tien, C.L., "Analysis of Cell
Freezing and Dehydration", ASME paper no. 69-
WA/HT-31, 1969.

29. Asahina, E., "Intracellular Freezing and Frost
Resistance in Egg-Cells of the Sea Urchin",
Nature, vol. 191, 1961, pp. 1263-1265.

30. Mazur, P., "Causes of Injury in Frozen and Thawed
Cells", Federation Proceedings, vol. 24, 1965,
pp. S-175-S-182.

31. Rapatz, G., Nath, J., and Luyet, B., "Electron
Microscope Study of Erythrocytes in Rapidly
Frozen Mammalian Blood", Biodynamica, vol. 9,
no. 177, 1963, pp. 83-94.

32. Nei, T., "Effects of Freezing and Freeze-Drying
on Microorganisms", in Recent Research in Freezing
and Drying, ed. by Parkes and Smith, Blackwell
Scientific Publications, Oxford, 1960, pp. 78-86.

33. Mazur, P., "Manifestations of Injury in Yeast
Cells Exposed to Subzero Temperatures. I.
Morphological Changes in Freeze-Substituted and
in 'Frozen-Thawed' Cells", Journal of Bacteriology,
vol. 82, 1961, pp. 662-672.

34. Rapatz, G., personal communication.

35. Diller, K.R., and Cravalho, E.G., "A Cryomi-
croscopic Investigation of Intracellular Ice
Formation in Frozen Erythrocytes", Cryobiology,
vol. 8, no. 4, 1971, p. 398, (abstract).

36. Riggs, D.R., "The Mathematical Approach to Phy-
siological Problems", The M.I.T. Press, Cambridge,
Mass., 1963, pp. 168-192.

37. Rinfret, A.P., "Some Aspects of Preservation of
Blood by Rapid Freeze-Thaw Procedures", Federation
Proceedings, vol. 22, 1963, pp. 94-101.



219.

38. Strumia, M.M., and Strumia, P.V., "The Effect of
Lactose, Dextran, and Albumin on Recovery and
Survival of Frozen Cells", Bibl. Haemat., vol. 23,
1965, pp. 692-701.

39. Meryman, H.T., and Kafig, E., "Rapid Freezing and
Thawing of Whole Blood", Proceeding Society
Experimental Biology Medicine, vol. 90, no. 3,
1955, pp. 587-589.

40. Smith, A.U., and Smiles, J., "Microscopic Studies
of Mammalian Tissues during Cooling to and Re-
warming from -790 C", Journal Royal Microscopical
Society, series B, vol. 75, 1953, pp. 134-139.

41. Luyet, B., and Rapatz, G., "Patterns of Ice Forma-
tion in Some Aqueous Solutions", Biodynamica,
vol. 8, no. 156, 1958, pp. 1-68.

42. Rapatz, G., and Luyet, B., "Microscopic Observa-
tions of the Development of the Ice Phase in the
Freezing of Blood", Biodynamica, vol. 8, no. 166,
1960, pp. 195-239.

43. Rapatz, G., and Luyet, B., "Electron Microscope
Study of Erythrocytes in Rapidly Cooled Suspensions
Containing Various Concentrations of Glycerol",
Biodynamica, vol. 10, no. 212, 1968, pp. 193-210.

44. Smith, A.U., Polge, C., and Smiles, J., "Micro-
scopic Observation of Living Cells during Freezing
and Thawing", Journal Royal Microscopical Society,
vol. 71, 1951, pp. 186-194.

45. Diller, K. R., and Cravalho, E.G., "A Cinephoto-
micrographic Study of Freezing and Thawing Pro-
cesses in Red Blood Cells", Cryobiology, vol. 6,
1970, p. 576, (abstract).

46. Mazur, P., in Culture Collections: Perspectives
and Problems, ed. by Martin, University of
Toronto Press, 1963, pp. 59-70.



220.

47. Lusena, C.V., and Cook, W.H., "Ice Propagation
in Systems of Biological Interest. I. Effect of
Membranes and Solutes in a Model Cell System",
Archives of Biochemistry and Biophysics, vol. 46,
1953, pp. 232-240.

48. Molish, H., "Investigations Concerning the
Freezing of Plants", G. Fisher, Jena, 1897.

49. Weigand, K.M., "Occurrence of Ice in Plant
Tissue", Plant World, vol. 9, 1906, pp. 25-39.

50. Schander, R., and Schaffnit, E., "Untersuchungen
uber das Auswintern des Getreides",
Landwirtschaftliche Jahrbucher, vol. 52, 1918,
pp. 1-66.

51. Hardy, W.B., "A Microscopic Study of the Freezing
of Gel", Proceedings of the Royal Society, Series
A, vol. 112, 1926, pp. 47-61.

52. Akerman, A., "Studien uber den Kaltetod und die
Kalteresistenz der Pflanzen", Berlingska
Boktryckeriet, Lund, Sweden, 1927, pp. 1-232.

53. Chambers, R.,and Hale, H.P., "The Formation of
Ice in Protoplasm", Proceedings of the Royal
Society, Series B, vol. 110, 1932, pp. 336-352.

54. Mason, C.W., and Rochow, T.G., "A Microscope
Cold Stage with Temperature Control", Industrial
and Engineering Chemistry, vol. 6, no. 5, 1934,
pp. 367-369.

55. Luyet, B.J., and Gibbs, M.C., "On the Mechanism
of Congelation and of Death in the Rapid Freezing
of Epidermal Plant Cells", Biodynamica, vol. 1i,
no. 25, 1937.

56. Stuckey, I.H., and Curtis, O.F., "Ice Formation
and the Death of Plant Cells by Freezing", Plant
Physiology, vol. 13, 1938, pp. 815-833.



221.

57. Harmer, J.R., "A Specimen Holder for Low-Tempera-
ture Microscopy in Biology", Journal of the Royal
Microscopical Society, Series B, vol. 73, 1953,
pp. 128-133.

58. Geneves, "The Behavior of Plant Cells Subjected
to Low Temperatures", Annee Biologique, vol. 59,
1955, pp. 581-594.

59. Rey, L.R., "Dispositif pour 1'Examen Microscope
aux Basses Temperatures", Experientia, vol. 13,
1957, pp. 201-202.

60. Rapatz, G. and Luyet, B., "Apparatus for Cine-
micrography During Freezing and Thawing",
Biodynamica, vol. 7, 1957, pp. 347-355.

61. Kuivenhoven, A.C.S., "Microscopic Observation of
the Freezing and Thawing of Suspensions of Ery-
throcytes", Transfusion, vol. 9, no. 1, 1966,
pp. 61-66.

62. Rinfret, A.P., "Cryobiology - Some Fundamentals
in Surgical Context", in Cryosurgery, ed. by
R.W. Rand, A.P. Rinfret, and H. von Leden,
C.C. Thomas, Springfield, Ill., 1968, pp. 19-31.

63. Nei, T., "Mechanism of Hemolysis of Erythrocytes
by Freezing at Near Zero Temperatures: I. Micro-
scopic Observation of Hemolyzing Erythrocytes
During the Freezing and Thawing Process",
Cryobiology, vol. 4, no. 3, 1968, pp. 153-156.

64. Asahina, E., "Freezing Injury in Egg Cells of
the Sea Urchin", in Cellular Injury and Resistance
in Freezing Organisms, ed. by Asahina, The Insti-
tute of Low Temperature Science, Hokkaido
University, Sapporo, Japan, 1967, pp. 211-230.

65. Sherman, J.K., "Freeze-Thaw-Induced Structural
Changes in Cells, II. Examples of Cryoinjury
of Cellular Structure", Journal of Cryosurgery,
vol. 2, 1969, pp. 156-177.



222.

66. Cravalho, E.G., "An Analytical Prediction of the
Spatial Extent of Necrosis in Cryosurgery",
Cryobiology, vol. 8, no. 4, 1971, p. 396, (abstract).

67. Rapatz, G., Nath, J., and Luyet, B.J., "Electron
Microscope Study of Erythrocytes in Rapidly
Frozen Mammalian Blood", Biodynamica, vol. 9,
no. 177, 1963, pp. 83-94.

68. Weinstein, R.S., and Bullivant, S., "The Applica-
tion of Freeze-Cleaving Technics to Studies on
Red Blood Cell Fine Structure", Blood, vol. 24,
no. 5, 1967, pp. 780-789.

69. Terentieva, E.I., Vinograd-Finkel, F.R., and
Fedorova, L.I., "Electron Microscopy of Erythro-
cytes Following Prolonged Preservation in a Frozen
Condition", Probl. Gemat., vol. 12, no. 11,
1967, pp. 38-44.

70. Stewart, G.J., and Turner, H.M., "Ultrastructural
Characteristics and Behavior of Previously Frozen,
Glycerolized, and Deglycerolized Human Red Blood
Cells", Cryobiology, vol. 4, no. 4, 1968, pp. 189-196.

71. Shrago, M.I., and Bulatova, R.F., "X-ray Analysis
of Human Erythrocytes Frozen in Polyethylenoxide
Solutions", Biofizika, vol. 12, no. 1, 1967,
pp. 163-165.

72. Vinograd-Finkel, F.R., Kudriashova, S.N., and
Razumova, L.L., "An X-ray Study of Crystallization
in Erythrocyte Suspensions at Ultra-low Tempera-
tures", Dok. Akad. Nauk. SSSR, vol. 169, no. 5,
1966, pp. 1184-1186.

73. "Applications Manual for Operational Amplifiers
for Modeling, Measuring, Manipulating and Much
Else", 2nd ed., Philbrick/Nexus Research, Dedham,
Mass., 1968.

74. Knight, C.A., "The Freezing of Supercooled Liquids",
D. Van Nostrand Company, Inc., Princeton, New Jersey,
1967.



223.

75, Marks, P.A., and Johnson, A.B., "Relationship
Between the Age of Human Erythrocytes and Their
Osmotic Resistance: A Basis for Separating Young
and Old Erythrocytes", Journal of Clinical Investi-
gation, vol. 37, 1958, pp. 1542-1548.

76. Mazur, P., "Physical and Chemical Basis of Injury
in Single-celled Micro-organisms Subjected to Freez-
ing and Thawing", Cryobiology, ed. by H.T. Meryman,
Academic Press, New York, 1966, pp. 213-315.

77. Luyet, B.J., Rapatz, G.L., and Gehenio, P.M., "On
the Mode of Action of Rapid Cooling in the Preserva-
tion of Erythrocytes in Frozen Blood", Biodynamica,
vol. 9, no. 178, 1963, pp. 95-124.

78. Jacobs, M.H., Glassman, H.N., and Parpart, A.K.,
"Osmotic Properties of the Erythrocyte. VII. The
Temperature Coefficients of Certain Hemolytic Pro-
cesses", Journal of Cellular and Comparative Physi-
ology, vol. 7, 1935, pp. 197-225.

79. Knight, C.A., "Curved Growth of Ice On Surfaces",
Journal of Applied Physics, vol. 33, no. 5, 1962,
pp. 1808-1815.

80. Yang, L.C., and Good, W.B., "Crystallization Rate
of Supercooled Water in Cylindrical Tubes", Journal
of Geophysical Research, vol. 71, no. 10, 1966,
pp. 2465-2469.

81. Mikhnevich, G.L., Efimova, V.P., and Zaremba, V.G.,
"Recovery Phenomena During Nucleation in Supercooled
Organic Liquids", Growth of Crystals, ed. by A.V.
Shubnikov and N.N. Seftal, Consultants Bureau, Inc.,
New York, 1959, pp. 159-162.

82. Bolling, G.F., and Tiller, W.A., "Growth from the
Melt. I. Influence of Surface Interactions in Pure
Metals", Journal of Applied Physics, vol. 31, no. 8,
1960, pp. 1345-1348.

83. Stickney, R.E., personal communication, 1972.



224.

84. Lovelock, J.E., "The Mechanism of the Protective
Action of Glycerol Against Hemolysis by Freezing and
Thawing", Biochimica et Biophvsica Acta, vol. 11,
1953, pp. 28-36.

85. Doebbler, G.F., Rowe, A.W. and Rinefret, A.P.,
"Freezing of Mammalian Blood and its Constituents",
in Cryobiology, ed. by H.T. Meryman, Academic Press,
N.Y., 1966, pp. 407-450.

86. Nei, T., "Mechanism of Hemolysis of Erythrocytes
by Freezing at Near Zero Temperatures: II. Investi-
gations of Factors Affecting Hemolysis by Freezing",
Cryobiology, vol. 4, no. 6, 1968, pp. 303-308.

87. Meryman, H.T., "Modified Model for the Mechanism of
Freezing in Erythrocytes", Nature, vol. 218, 1968,
pp. 333-336.

88. Huggins, C.E., "Prevention of Hemolysis of Large
Volumes of Red Blood Cells Slowly Frozen and Thawed
in the Presence of Dimethylsulfoxide", Transfusion,
vol. 3, no. 6, 1963, pp. 483-493.

89. Levitt, J., "A Sulfhydryl-Disulfide Hypothesis of
Frost Injury and Resistance in Plants", Journal of
Theoretical Biology, vol. 3, 1962, pp. 355-391.

90. Parks, A.S. and Smith, A.U., "Preservation of Ovar-
ian Tissue at -790C. for Transplantation", Acta
Endocr. (Kobenhavn), vol. 17, 1954, p. 313.

91. Polge, C. and Soltys, M.A., "Protective Action of
Some Neural Solutes During the Freezing of Bull
Spermatozoa and Trypanosomes", in Recent Research
in Freezing and Drying, ed. by A.S. Parkes and A.U.
Smith, Blackwell Scientific Publications, Oxford,
1960, pp. 87-100.

92. Jones, N.C.H., Mollison, P.L. and Robinson, M.,
"Factors Affecting the Viability of Erythrocytes
Stored in the Frozen State", Proceedings of the Royal
Society (Biology), vol. 147, 1957, p. 476.



225.

93. Hafs, H.D. and Elliot, F. I., "The Effect of Methods
of Adding Egg Yolk and Monosaccharides on the Sur-
vival of Frozen Bull Spermatozoa"', Journal of Dairy
Science, vol. 38, 1955, p. 811.

94. Doebbler, C.F. and Rinfret, A.P., "The Influence of
Protective Compounds and Cooling and Warming Condi-
tions on Hemolysis of Erythrocytes by Freezing and
Thawing", Biochimica et Biophysica Acta, vol. 58,
1962, pp. 449-458.

95. Nash, T., "Chemical Constitution and Physical Pro-
perties of Compounds Able to Protect Living Cells
against Damage due to Freezing and Thawing", in
Cryobiology,ed. by H.T. Meryman, Academic Press, N.Y.,
1966, pp. 179-213.

96. Luyet, B.J., "Effects of Ultra-rapid and of Slow
Freezing and Thawing on Mammalian Erythrocytes",
Biodynamica, vol. 6, 1949, pp. 217-230.

97. Rinfret, A.P. and Doebbler, G.F., "Observations on
the Freezing and Thawing of Blood in Droplet Form",
Biodynamica,vol. 8, 1960, pp. 181-193.

98. Strumia, M.M., Colwell, L.C. and Strumia, P.V.,
"Preservation of Whole Blood in Frozen State for
Transfusion", Science, vol. 128, 1958, pp. 1002-
1003.

99. Doebbler, G.F., Buchheit, R.G. and Rinfret, A.P.,
"Recovery and in vivo Survival of Rabbit Erythrocytes",
Nature, vol. 191, 1961, p. 1405.

100. Luyet, B.J. and Pribor, D., "Direct Observation of
Hemolysis During the Rewarming and the Thawing of
Frozen Blood", Biodynamica, vol. 9, 1965, pp. 320-
332.

101. Rapatz, G. and Luyet, B., "The Problem of the Effect
of Intracellular Ice on Hemolysis", Bulletin of the
International Institute of Refrigeration, vol. 2,
1965, pp. 1567-1572.



226.

102. Pegg, D.E., "Banking of Cells, Tissues, and Organs
at Low Temperatures", in Current Trends in Cryo-
biology, ed. by A.U. Smith, Plenum Press, N.Y.,
1970, pp. 153-180.

103. Meryman, H.T., "Mechanics of Freezing in Living
Cells and Tissues", Science, vol. 124, 1956,
pp. 515-521.

104. Dowell, L.G. and Rinfret, A.P., "Low Temperature
Forms of Ice as Studied by X-Ray Diffraction",
Nature, vol. 188, 1960, pp. 1144-1148.

105. Ahlgren, F.F. and Blackshear, P.L., "The Effect of
Pressure on the Freezing of Red Blood Cells",
Cryobiology, vol. 6, no. 6, 1970, p. 576 (abstract).

106. Persidsky, M.D., "High Hydrostatic Pressure-induced
Variations in Supercooling and Freezing Temperatures
of Water and Certain Aqueous Solutions", Cryobiology,
vol. 6, no. 6, 1970, p. 576 (abstract).

107. Pyle, H., "Glycerol Preservation of Red Blood Cells",
Cryobiology, vol. 1, no. 1, 1964, pp. 57-60.

108. Robson, D.C., "Liquid Nitrogen Method Using Poly-
vinylpyrrolidone (PVP)", in International Working
Conference on the Freeze-Preservation of Blood,
U.S. Office of Naval Research Report DR-143, 1967,
pp. 53-54.

109. Knorpp, C.T., "Liquid Nitrogen Method Using Hydro-
xyethyl Starch (HES)", in International Working
Conference on the Freeze-Preservation of Blood,
U.S. Office of Naval Research Report DR-143, 1967,
pp. 55-58.

110. Valeri, R., "Comparative Evaluation of Freezing
Techniques", in International Working Conference on
the Freeze-Preservation of Blood, U.S. Office of
Naval Research Report DR-143, 1967, pp. 125-130.

111. Smith, A.U., ed. in "Current Trends in Cryobiology",
Plenum Press, New York, 1970.



227.

112. Hall, D.A., and Bailey, S.O., "Synchronization of
a High-Speed Prism Camera by Frame-Counting Technique",
in Instrumentation and High Speed Photography , 1960,
pp. 57-58.

113. Schneider, P.J., "Conduction Heat Transfer", Addison-
Wesley Publishing Co., Inc., Reading, Mass., 1955.

114. Jakob, M., "Heat Transfer", vol. II, John Wiley,
New York, 1949.

115. Kays, W.M., and London, A.L., "Compact Heat Ex-
changers, 2nd ed.", McGraw-Hill Book Co., New York,
1964.

116. Flynn, T.M., Draper, J.W., and Roos, J.J., "The
Nucleate and Film Boiling Curve of Liquid Nitrogen
at One Atmosphere", in Advances in Cryogenic En-
gineering, vol. 7, ed. by K.D. Timmerhaus, Plenum
Press, New York, 1962, pp. 539-545.

117. Rohsenow, W.M. and Choi, H.Y., "Heat, Mass, and Mom-
entum Transfer", Prentice-Hall, Inc., Englewood
Cliffs, New Jersey, 1961.

118. Carslaw, H.S., and Jaeger, J.C., "Conduction of
Heat in Solids", Oxford, London, 1947, p. 88.



228.

ACKNOWLEDGEMENTS

0 come, let us sing to the Lord;
Let us come into his presence with thanksgiving;

Ps.95:1

I would like to take this opportunity to thank the

many persons who have contributed to the completion of

this thesis. Certainly my thesis committee, consisting

of Professors Ernest G. Cravalho, David Baltimore, Peter

Griffith, Anthony Sinskey, and Daniel Wang, deserves a

great vote of thanks for their continuing guidance and

interest in this research program as it evolved. Their

initial insights were of particular benefit in ascertain-

ing the pertinent experimental problems to be approached,

in defining the objectives, and in determining experi-

mental techniques to facilitate acquisition of the neces-

sary data readily and accurately. I wish to especially

thank my advisor, Professor Cravalho, for his friendship,

support, advice, and encouragement in many varied activities.

My days as a graduate student at M.I.T. have been immeasur-

ably enhanced and enriched as a result of the association

with both Ernie and his family, and I am truly grateful for

having had the opportunity of studying under such an out-

standing man.



229.

The author would like to acknowledge the Cryogenic

Engineering Laboratory, Massachusetts Institute of Tech-

nology; the Union Carbide Corporation, New York, New York;

the American Cancer Society; and the Damon Runyon Memorial

Fund for Cancer Research, Inc. for their contribution to

the financial support of this work. Robert Cavalier

supplied the necessary cryogens and Karl Benner and Robert

Gertsen were most helpful with their assistance in the

machine shop. The author also wishes to thank other per-

sons who have contributed significantly to the success of

this research program as follows: Dr. Charles E. Huggins

of the Surgical Low Temperature Unit, Massachusetts General

Hospital, for supplying fresh human blood daily for use in

the freezing tests; Professor D. N. Wormley and Dr. Donald L.

Margolis of the Engineering Projects Laboratory, M.I.T. for

their aid in the development of the analog control system;

Mr. Richard Willoughby and Dr. John Dressler of the Depart-

maent of Electrical Engineering, M.I.T. for their assistance

in the design of the power amplifier and the preparation

of a technique for depositing an electrically conductive

coating on glass, respectively; Mr. H. W. Zieler and

Mr. I. Deutsch of Atlantex and Zieler Corporation, Dedham,



230.

Massachusetts for their help with the optics of the cryo-

microscope; Mr. M. Ushiyama of the Department of Mechanical

Engineering, M.I.T. for help in modifying and calibrating

the temperature control system; and to Mr. John McGrath

of the Cryogenic Engineering Laboratory, M.I.T. for refining

the heat transfer model of the low temperature system and

testing its validity by numerical solution on the digital

computer.

I would like to express my feelings of appreciation

and respect toward my parents for their support and guidance

of both my education and maturation as a person. Without

their help I would surely never have had the opportunity to

pursue a career in this manner. Also, I owe a sincere

thank you to my mother for typing this thesis.

Above all this, my wife JoAnn deserves my thanks in

innumerable ways which I will never be able to express in

writing. She has been my physical, spiritual, and emotional

partner through the progress of this thesis, experienced

the joys and sorrows in ways beyond my own capability, and

been understanding and helping through many tedious times.

Together, these last few years have been a grand experience.



231.

BIOGRAPHICAL SKETCH

The author was born in Wooster, Ohio on November 20,

1942, and attended primary and secondary schools in the

neighboring community of Orrville. After graduation

from Orrville Senior High School in June, 1960, he

attended Oberlin College for two years. In September,

1962, he entered Ohio State University and was awarded

the Bachelor of Mechanical Engineering degree, cum

laude, in June, 1966 and the Master of Science degree

in September, 1967. The title of his thesis was "Design

and Calibration of a Low Speed Wind Tunnel". The author's

publications include the following:

1. Diller, K.R. and Cravalho, E.G., "A Cryomicroscope for
the Study of Freezing and Thawing Processes in Bio-
logical Cells", Cryobiology, vol. 7, no. 4-6, 1970,
pp. 191-199.

2. Diller, K.R. and Cravalho, E.G., "A Cinephotomicro-
graphic Study of Freezing and Thawing Processes in
Red Blood Cells", Cryobiology, vol. 6, 1970, p. 576,
(abstract).

3. Diller, K.R., Matheson, D., and Cravalho, E.G., "A
High Speed Motion Picture Study of Morphological
Changes During Freezing and Thawing Processes in HeLa
Cells", Cryobiology, vol. 6, 1970, p. 576, (abstract).



232.

4. Cravalho, E.G. and Diller, K.R., "Cryosurgical De-
vices for Dermatological Applications", presented
at the Winter Annual ASME Meeting, New York, New York,
Nov. 29-Dec. 3, 1970.

5. Diller, K.R. and Cravalho, E.G., "A Cryomicroscopic
Investigation of Intracellular Ice Formation in Frozen
Erythrocytes", Cryobiology, vol. 8, no. 4, 1971,
p. 398, (abstract).

6. Diller, K.R., Cravalho, E.G., and Huggins, C.E., "The
Significance of Intracellular Ice on the Survival of
Frozen Biomaterials", presented at the AIAA 7th Thermo-
physics Conference, San Antonio, Texas, April 10-12,
1972, also submitted for publication in Progress in
Aeronautics and Astronautics.

7. Diller, K.R., and Pyle, H.M., "A Preliminary Evaluation
of Additives for the Cryopreservation of Mouse Marrow",
to be presented at the 9th Annual Meeting, Society for
Cryobiology, July 31-August 3, 1972, Washington, D.C.

8. Diller, K.R., Cravalho, E.G., and Huggins, C.E., "Cor-
relation of Intracellular Ice Formation With Cooling
Rate in Frozen Human Erythrocytes", to be presented at
the 9th Annual Meeting, Society for Cryobiology, July 31-
August 3, 1972, Washington, D.C.

9. Ushiyama, M., Cravalho, E.G., and Diller, K.R., "Volu-
metric Changes in Saccharomyces Cerevisiae During Freez-
ing at Constant Cooling Rates", to be presented at the
9th Annual Meeting, Society for Cryobiology, July 31-
August 3, 1972, Washington, D.C.

10. Hlatky, M.A., Diller, K.R. and Cravalho, E.G., "A Cryo-
microscopic Examination of Freezing and Thawing in the
Microcirculation of the Hamster Cheekpouch", to be
presented at the 9th Annual Meeting, Society for Cryo-
biology, July 31-August 3, 1972, Washington, D.C.

11. Cravalho, E.G., Huggins, C.E., Diller, K.R., and Watson,
W.W., "Blood Freezing to -272.29 0 C (-458.120 F)", to be
presented at the 9th Annual Meeting, Society for Cryo-
biology, July 31-August 3, 1972, Washington, D.C.



233.

12. Huggins, C.E., Cravalho, E.G., Diller, K.R., Watson,
W.W., and Seiler, M.J., "Three Stage Dialysis for Re-
moval of Glycerol From Small Aliquots of Thawed Frozen
Blood", to be presented at the 9th Annual Meeting ,
Society for Cryobiology, July 31-August 3, 1972, Washing-
ton, D.C.


