CRYOPRESERVATION AND LOW TEMPERATURE BIOLOGY
IN BLOOD TRANSFUSION




DEVELOPMENTS IN HEMATOLOGY AND IMMUNOLOGY

Volume 24

For a list of titles published in this series see final page of this volume.



Cryopreservation and
low temperature biology
in blood transfusion

Proceedings of the Fourteenth International Symposium on Blood Transfusion,
Groningen 1989, organised by the Red Cross Blood Bank Groningen-Drenthe

edited by

C.Th. SMIT SIBINGA and P.C. DAS
Red Cross Blood Bank Groningen-Drenthe, The Netherlands

and

H.T. MERYMAN
Jerome H. Holland Laboratory, American Red Cross, Rockville, MD, U.S.A.

KLUWER ACADEMIC PUBLISHERS
DORDRECHT / BOSTON / LONDON



Library of Congress Cataloging-in-Publication Data

International Symposium on Blood Transfusion (14th : 1989 : Groningen,
Netherlands)

Cryopreservation and low temperature biology in blood transfusion
proceedings of the Fourteenth International Symposium on Blood
Transfusion, Groningen 1988 / organised by the Red Cross Blood Bank
Groningen-Drenthe ; edited by C. Th. Smit Sibinga and P.C. Das and

H.T. Meryman.
p. cm. -- (Developments in hematology and immunology ; 24)
Includes index
ISBN-13:978-1-4612-8814-5 e-ISBN-13:978-1-4613-1515-5
DOIL:10.1007/978-1-4613-1515-5

1. Blood--Cryopreservation--Congresses. 2. Cryopreservation of
organs, tissues, etc.--Congresses. 3. Cryobiology--Congresses.

I. Smit Sibinga, C. Th., II. Das, P. C. 1III. Meryman, Harold
Thayer. IV, Stichting Rode Kruis Bloedbank Groningen/Drente.
V. Title. VI. Series.

[DNLM: 1. Blood Transfusion--congresses. 2. Cryopreservation-
~congresses. 3. Temperature--congresses. W1 DE9S7VZK v. 24 / WB
356 159c 1989]

RM171.1I564 1989

615'.39--dc20

DNLM/DLC

for Library of Congress 90-5078

ISBN-13:978-1-4612-8814-5

Published by Kluwer Academic Publishers,
101 Philip Drive, Norwell, MA 02061, U.S.A.

Kluwer Academic Publishers incorporates
the publishing programmes of
D. Reidel, Martinus Nijhoff, Dr W. Junk and MTP Press.

In all other countries, sold and distributed
by Kluwer Academic Publishers Group,
P.O. Box 322, 3300 AH Dordrecht, The Netherlands.

Printed on acid-free paper

All Rights Reserved

© 1990 Kluwer Academic Publishers, Boston
Softcover reprint of the hardcover Ist edition 1990

No part of the material protected by this copyright notice may be reproduced or
utilized in any form or by any means, electronic or mechanical,

including photocopying, recording or by any information storage and

retrieval system, without written permission from the copyright owner.



Baxter

Acknowledgement

This publication has been made possible through the support of Baxter, which is
gratefully acknowledged.



CONTENTS

Moderators and speakers ............. ... i il IX

Foreword . ... e XI
I. Principles and fundamentals

Metabolism and physiology of cells at low temperatures
WJ. Armitage ... .. 1

Freezing and thawing plasma
RV.McIntosh ...... ... . i 11

Cell and cell constituent freeze-drying: fundamentals and principles
PJM.Salemink ...... ... .. .. 25

Freezing versus vitrification; basic principles
DE. Pegg ... 55

Ice nucleation and growth in vitrifiable solutions
RJ Williams ... 71

Liposomes as a model system for the cryopreservation of peripheral
blood cells
H.Talsma ... 87

DISCUSSION & vttt et e et e e e 91

II. Low temperature biology aspects

Storage media for red cells
O.Akerblom ....... ... ... 95

Prolonged storage of adult and newborn red cells
N.Meyerstein . ...t e 105



VIII

Extended storage of (washed) red cells at 4°C

HT. Meryman ........... i 111
Storage of platelet concentrates in plasma-free synthetic media
S.Holme ... .. . 119
Separation and purification of cold insoluble globulines
C.Th.SmitSibinga ......... .. ... ... . i 129
New solution for organ preservation

JH.Southard .......... .. ... 145
Discussion ......... . ... i 155

III Cryopreservation aspects

Platelet freezing
P.C.Das oot 167

Platelet freezing: the effect of some additives
E.Richter .. ... i e e 179

Inexpensive method for cryopreservation of human peripheral
blood lymphocytes
OW.vanAssendelft .............. .. .. ... ... .. .. .. 185

Cryopreservation of human stem cells
F.Beaujean ............. i e 193

Preservation and storage of human blood plasma proteins
J-Over 203

Residual water content in a lyophilized, heated coagulation factor

concentrate
L. Winkelman ... . . e 215

DiISCUSSION .+ttt ettt 225
IV. Advances and clinical applications

Clinical application of cryopreserved stem cells and platelets in a

bone marrow transplant program
P.O.M. Mulder-Dijkstra ......... .. .. ... . i i 239

Clinical efficacy of cryopreserved bone
G.E.Novakovitch .......... ... .. ... ... . o il 249

Vitrification as an approach to organ cryopreservation: past,
present, and future
GM.Fahy ...... ... 255



IX

Transfusion, transplantation and the immunological revolution
HT. Meryman ..........uiiniiiniineiiiiiinienn.. 269

DiISCUSSION o v v et e e e e e e e e e e e e e e e e 277

Index ... e, 283



MODERATORS AND SPEAKERS

Moderators

H.T. Meryman
(chairman)
P.C. Das

S. Holme

J. Over

D.E. Pegg

P.J.M. Salemink

C.Th. Smit Sibinga
Speakers

O. Akerblom

W.J. Armitage

O.W. van Assendelft

F. Beaujean

American Red Cross, Holland Laboratory
Rockville, MD, USA

Red Cross Blood Bank Groningen-Drenthe
Groningen, The Netherlands

Blood Services Tidewater Region
Norfolk, VA, USA

Central Laboratory of The Netherlands Red
Cross
Amsterdam, The Netherlands

MRC Medical Cryobiology Group
Cambridge, UK

Drug Safety RDL, Organon International
B.V./Akzo Pharma
Oss, The Netherlands

Red Cross Blood Bank Groningen-Drenthe
Groningen, The Netherlands

Blood Centre Karolinska Hospital
Stockholm, Sweden

S.W. Regional Transfusion Centre
Bristol, UK

Center for Disease Control
Atlanta, GA, USA

Blood Centre, Henri Mondor Hospital
Creteil, France



XII

G.M. Fahy -
R.V. McIntosh -

P.O.M. Mulder-Dijkstra —

G.E. Novakovitch -

J.H. Southard -

R.]. Williams —

L. Winkelman -

Prepared discussants

N. Meyerstein -

E. Richter -

H. Talsma -

American Red Cross, Holland Laboratory
Rockville, MD, USA

Scottish National Blood Transfusion Service
Edinburgh, Scotland

Department of Internal Medicine,
University of Groningen
Groningen, The Netherlands

Regional Transfusion Service
Marseille, France

Department of Surgery, University of
Wisconsin
Madison, WI, USA

American Red Cross, Holland Laboratory
Rockville, MD, USA

Plasma Fractionation Laboratory, Churchill
Hospital
Oxford, UK

Ben-Gurion University of the Negev
Beer-Sheva, Israel

Bereich Medizin der Humboldt Universitit
zu , Berlin
Berlin, German Democratic Republic

Department of Pharmaceutics, Faculty of
Pharmacy University of Utrecht
Utrecht, The Netherlands



FOREWORD

The theme of this 14th International Symposium on Blood Transfusion
is closely related to the work and scientific contributions of the Dutch
cryobiology pioneer Dr. Herman W. Krijnen of the Dutch Red Cross
Central Laboratory.

Dr. Krijnen was known and respected in the national and interna-
tional blood transfusion community as an extremely competent scientist
and a beloved and admired colleague.

Dr. Krijnen was intentionally honoured with the invitation to open
this symposium on cryopreservation and low temperature biology in
blood transfusion and be the guest of honour at this event. Unfortunately,
Dr. Krijnen suddenly died on the first of June 1989. In honour and mem-
ory of Dr. Krijnen this symposium will therefore be dedicated to him.

Since the 10th International Symposium on Blood Transfusion in 1985
highlighted the theme of “Future developments in blood banking”,
major changes have occurred in the blood banking world. Most of these
changes were forced upon the Blood Banks by the fear of spreading
AIDS through contaminated donations. This not only led to the wide-
spread testing of blood, but also to a more appropriate counselling of the
community and the blood donors in specific. Additionally, virus inacti-
vation techniques were introduced for those components derived from
multiple donations and intended for a regular transfusion in haemophi-
lia patients and others.

In 1987 the State Secretary of Health in the Netherlands introduced
a standard registration document on factor VIII preparations. Since
January 1988 the production of all factor VIII preparations in our
country, including cryoprecipitate for the treatment of haemophilia,
have to observe the regulations of this document. Consequently, Good
Manufacturing Practice was definitely introduced in blood banking. Ad-
vances in biotechnology have caused changes in interest and policy of
Blood Banks, anticipating new approaches to blood transfusion.The
concept of transfusion medicine has developed into an almost mature
principle with noticeable acceptance and visible implementation.

Today, this symposium will focus on the principles and techniques of
preservation of blood as a transplantin its cellular and plasma components



XIV

It will also lead the way into the rapidly extending field of organ preser-
vation and banking.

When in two years time the bell will toll for Europe 1992, blood trans-
fusion medicine needs to have reached the state of full maturity, and
policies have to be developed and set for the future. At the turn of the
80-ties, at the start of the final decade of the 20th century, more than ever
blood banking needs dynamic and creative leadership supported by wis-
dom and confidence. I have great confidence in the science to be
presented and discussed in wisdom at this symposium, which will contrib-
ute to a tradition of leadership created by you all in contributing to this
series of unique Red Cross Blood Bank events.

F. Brink
Chairman of the Board of the
Red Cross Blood Bank Groningen-Drenthe



L. PRINCIPLES AND FUNDAMENTALS



METABOLISM AND PHYSIOLOGY OF CELLS AT LOW
TEMPERATURES

W.J. Armitage

The strategies for preserving blood cells can be broadly devided into stor-
age at hypothermic temperatures above 0°C and cryopreservation at
—-80°C or below. With tissues such as cornea there is a third option, name-
ly that of normothermic storage by organ culture. The aim of all three
approaches is to maintain viability, which may be defined as the ability
of cells and tissues to perform their normal physiological functions when
transfused or transplanted. Whereas organ culture aims to keep cells in
as near normal a state as possible by supplying all the nutrients necessary
to maintain metabolism, the use of cooling is an attempt to reduce or abol-
ish cellular demand for energy.

Hypothermic storage
Effects of reduced temperature on cells

The effects of cooling on cellular metabolism are complex [1]. Cooling
lowers the rate of chemical reactions and so has a general depressive effect
on metabolism, as demonstrated by the fall in oxygen consumption that
accompanies cooling [2]. Both the demand for energy, for activities such
as active transport of ions and protein synthesis, and energy production,
in the form of ATP synthesis, are reduced by cooling. The relation
between absolute temperature, T, and the rate constant of a chemical
reaction, k, is defined by the Arrhenius equation,

k = Ae™/RT

where A is a constant, E is the activation energy of the reaction and R is
the gas constant [3]. Thus, for a simple reaction, an Arrhenius plot of
logek as a function of 1/T yields a straight line with slope —-E/R. In a se-
quence of reactions, however, each step may have a different activation
energy making the overall effect of a change in temperature unpredictable.
Discontinuities have frequently been reported in Arrhenius plots of
complex biological reactions [e.g. 4], which emphasizes the fact that



many properties of a cell are altered by temperature, each of which may
influence the overall “reaction rate” of the process being studied.

Inhibition of active and facilitated transport systems in membranes re-
duces the uptake of substrates by cells and upsets intracellular ionic com-
position resulting in the net gain of sodium and calcium and loss of
potassium. The maintenance of intracellular ionic composition at normo-
thermia is the result of a balance between passive fluxes of ions down their
electrochemical gradients and the activity of pumps transporting ions
against their electrochemical gradients. The activity of the Na-K pump
in human erythrocytes at 5°Cis only 0.25% of thatat 37°C [5]. But passive
fluxes tend to be less affected by temperature and may even display para-
doxical behaviour such as that shown by the passive flux of potassium in
human erythrocytes which falls to a minimum at 12°C and then increases
atlower temperatures [6]. The net result is that the rate of ion pumping
at hypothermia is unable to match the passive ion fluxes and, owing to
the charge carried by intracellular proteins, there is a net gain of Na and
CI which osmotically draws in water and leads to cell swelling [7].

Hypothermic storage of blood cells

Erythrocytes can be stored at 4°C for several weeks in plasma containing
an anticoagulant. They do not swell appreciably owing to the presence
outside the cells of plasma proteins and citrate. But storage in an elec-
trolyte solution without protein does lead to swelling, although this can
be prevented by the addtion of mannitol [8]. The viability of erythro-
cytes, as determined by their survival in the circulation after transfusion,
steadily declines during storage [9]. Both metabolic changes and alter-
ations in structure and function of the plasma membrane play a role in
this loss of viability [10,11]. During storage of erythrocytes, the ATP and
2,3-diphosphoglycerate (2,3-DPG) levels fall [12,13], and the loss of plas-
ma membrane lipids is associated with reduced cell deformability [14].
The addition of adenine to the anticoagulant reduces the loss of ATP
[15]. The loss of 2,3-DPG during storage increases the affinity of haemo-
globin for oxygen and compromises the ability of stored erythrocytes to
deliver oxygen to the tissues. Although 2,3-DPG levels are restored to a
limited extend following transfusion [16], a wide range of additives has
been investigated in an attempt to moderate the loss of 2,3-DPG during
storage [17,18].

When platelets are stored at 4°C, they change shape from discs to
spheres [19]. The disc form is a metabolically dependent state and is
maintained by a circumferential bundle of microtubules that depoly-
merize at low temperature [20]. Reassembly of microtubules is severely
compromised by only 24 hours of storage at 4°C [21]. Plasma membrane
lipids are also lost during 4°C storage [22]. Storage at 4°C for only a few
hours compromises platelet viability as shown by a reduction in survival
following transfusion [23]. Storage at 22°C, on the other hand, also



results in morphological and metabolic changes and reduces the in vitro
aggregation response to ADP, but subsequent in vivo survival following
transfusion is better preserved than after storage at 4°C [24]. Even so, the
duration of storage of viable platelets is stille only a few days.

Hypothermic storage of tissues

The success of a corneal graft is critically dependent on the viability of
the monolayer of endothelial cells that covers the posterior surface of
the cornea. This layer of cells controls corneal hydration both by acting
as a passive permeability barrier to reduce the influx of solutes and water
into the corneal stroma from the aqueous humour and by actively pump-
ing HCO3™ ions from the stroma thereby inducing an osmotic efflux of
water [25,26]. Failure of endothelial function results in corneal oedema
and loss of transparency. When whole eyes are placed at 4°C, the endo-
thelial ion pump is inhibited and the cornea gradually thickens and
becomes cloudy. Returning the eye to physiological temperature restores
normal metabolic activity and activity of the endothelial HCO3™ pump,
and the cornea thins [27]. With increasing storage time at 4°C, however,
endothelial function becomes compromised owed to insufficient supply of
substrates for the albeit reduced metabolism and build up of waste pro-
ducts, principally lactate, in the aqueous humour. Removal of the cornea
from the eye and storage in tissue culture medium containing 5% dex-
tran partially overcomes these problems and increases the permissible peri-
od of hypothermic storage from 2 to 4 days [28,29].

Normothermic storage

Normothermic storage of tissues

One way to avoid the detrimental effects of hypothermia that limit the
duration of hypothermic storage is to maintain the cells or tissue at normo-
thermia. Cell culture techniques are well established but for technical
and logistical reasons have found no place in blood banking. In the
1970s, however, organ culture techniques developed for skin were applied
to the cornea [30]. Corneas maintained in tissue culture medium at 37°C
were shown to be metabolically active and retained normal endothelial
ultrastructure for at least 30 days [31]. Subsequent clinical results con-
firmed the efficacy of this technique [32].

The increase in storage time provided by this technique confers a
number of significant advantages. Routine corneal grafts can be per-
formed electively rather than as emergency procedures; a stock of corneas
is always available for genuine emergencies; there is more time for tissue
typing and matching where this is appropriate (immunological rejection
is the main cause of corneal graft failure); the tissue is screened for
microbiological contamination; and endothelial integrity is assessed [33].



Cryopreservation

The aim of cryopreservation is to cool living cells and tissues to sufficient-
ly low temperatures to completely suppress cellular metabolism and so
maintain them in a biologically stable state. Below about —130°C, no
chemical reactions can take place in biological systems: cells stored at
higher temperatures (e.g. —70°C) tend to be less stable, although useful
long-term storage can be obtained depending on the type of cell and the
conditions under which the cells are frozen. The survival of cryopreserved
cells depends on their ability to cope with a range of physical, physico-
chemical, physiological and biochemical stresses encountered during
freezing and thawing. Uncontrolled freezing is usually lethal to cells, but
many cell types do survive freezing and thawing when a cryoprotectant
is present in the bathing medium and when the rates of cooling and
warming are controlled [34]. Different cell types vary markedly in their
response to freezing and some, for example human granulocytes, have
not yet been successfully cryopreserved. In contrast to isolated cells, there
has been a marked lack of success in the cryopreservation of organized
tissues and organs [35].

Effects of cooling and warming rates

When cell survival is plotted against cooling rate, an inverted U-shaped
curve is often obtained showing that cells have an optimum cooling rate
at which survival is maximal [36]. When an aqueous solution freezes,
water is withdrawn from the solution to form ice thus concentrating the
solutes in the liquid phase. The concentration of solutes is fixed by tem-
perature, and as temperature falls there is a substantial rise in solute con-
centration: the higher the cooling rate, the more rapid is the rise in
solute concentration. Mazur [37] showed that the fall in survival at cool-
ing rates higher than the optimum was related to the inability of cells to
lose water quickly enough to maintain osmotic equilibrium. Under these
conditions, the cells supercool and eventually freeze internally, which is
usually lethal [38]. When cells are cooled slowly, they can maintain osmotic
equilibirum with their surroundings by losing water (i.e. they behave as
osmometers) [39].

Thus cells cooled rapidly contain ice but are not appreciably shrun-
ken, whereas cells cooled slowly are shrunken but do not contain ice.
The mechanism of damage to slowly cooled cells has been ascribed to
prolonged exposure at relatively high subzero temperatures to the ad-
verse changes occurring in the extracellular medium, especially the in-
creased concentrations of electrolytes [40].

Survival of frozen cells is also dependent on the warming rate. When
cells are cooled at rates just higher than the optimum, they are likely to
contain small amounts of intracellular ice: the survival of these cells is
higher when they are warmed rapidly rather than slowly. Furthermore,



when cells are cooled at suboptimal rates, they survive better when
warmed slowly rather than rapidly [41].

Cryoprotectants

Cryoprotectants are compounds that possess the remarkable property of
reducing damage to cells during freezing. Although glycerol [42] and
dimethyl sulphoxide (Me2SO) [43] are perhaps the most commonly
used additives for cell cryopreservation, there is a large range of chemi-
cally very diverse compounds that are able to protect cells against
freezing injury [44,45]. Cryoprotectants are broadly divided on the basis
of whether they permeate cells; for example, cells are usually permeable
to glycerol and Me2SO but impermeable to dextran and sucrose. As the
concentration of a cryoprotectant such as glycerol is increased, cell
survival rises and the optimum cooling rate becomes lower [46]. Thus
cryoprotectants are effective against slow cooling injury but are
ineffective against damage caused by intracellular ice formation.

But cryoprotectants can also be detrimental to cells as a result of
chemical toxicity and osmotic stress. Protocols for the addition and
removal of cryoprotectants can play a decisive role in determining the
survival of cyropreserved cells. The osmotic stress arises because cells
tend to be more permeable to water than to the cryoprotectant. When the
extracellular concentration of permeating cryoprotectant is increased
abruptly, osmotic equilibrium across the plasma membrane is initially
restored by an efflux of water from the cell. Cryoprotectant and water
then move into the cell which returns towards its normal volume. Abrupt
dilution of the external concentration of cryoprotectant, on the other
hand, initially causes a rapid influx of water followed by a slower return
to normal volume as cryoprotectant and water leave the cell [47]. Thus
rapid addition of permeating cryoprotectant causes transient cell shrink-
age, while rapid dilution causes transient cell swelling. The size of these
fluctuation in cell volume depends on the concentration gradient of
cryoprotectant across the plasma membrane and the membrane per-
meability characteristics.

The extent to which a cell can tolerate changes in cell volume can be
evaluated by exposing cells to a range of hypo- and hyperosmotic con-
centrations of a non-permeating solute [48]. Provided that the per-
meability characteristics of the cell have been determined, stepwise
addition and dilution protocols can be calculated to maintain the cells
within those tolerated volume limits [49]. Platelets are very sensitive to
osmotic stress [50] and they are damaged by rapid addition and dilution
of glycerol. At room temperature, platelets are approximately 4000-fold
more permeable to water than to glycerol [51,52]; thus the osmotic ef-
fects of changes in extracellular glycerol concentration would be sub-
stantial. Platelet tolerance of 1 mol/1 glycerol is substantially improved
when the rates of addition and removal are such that platelet volume



remains within 60-130% of normal volume [53]. Platelet permeability to
glycerol is also greatly influenced by temperature. Between 37°C and
25°C, glycerol permeability falls fourfold: but at 0°C, platelets are vir-
tually impermeable to glycerol [52]. This suggests that the Arrhenius re-
lationship does not hold for clycerol permeability over the range 0-37°C,
but it also has practical implications for the use of glycerol as a cryopro-
tectant for platelets.

Cryopreservation of blood cells

Because of the interactions between the main cryobiological variables of
cooling rate, warming rate, type and concentration of cryoprotectant,
some cell types can be succesfully cryopreserved by a variety of methods.
Erythrocytes can survive freezing and thawing in the absence of cryopro-
tectants, and survival of about 60% is achieved at an optimum cooling
rate of ca 3000°C/min [54]. Clearly, such a high cooling rate is not feas-
ible when considering the cryopreservation of the large volumes of
blood required for clinical use, nor is 40% haemolysis clinically accept-
able. Two methods of erythrocyte cryopreservation for clinical use were
developed from early observations showing that glycerol protected ery-
throcytes against freezing injury and that cryopreserved erythrocytes
could be safely transfused [55,56]. In the first method, erythrocytes were
equilibrated with 50-50% (v/v) glycerol and cooled slowly at an uncon-
trolled rate to —80°C [57]. The main problems with this method are as-
sociated with the addition and, in particular, the removal of such high
concentrations of glycerol without damaging the cells by osmotic stress.
To overcome these problems, a second method was developed that used
alower concentration of glycerol (15-18% v/v) and a higher cooling rate
(ca 90°C/min) [58]. When erythrocytes do not need to be preserved in
large volumes, high survival can be obtained by using non-permeating
cryoprotectants, such as dextran and sucrose, and a high cooling rate
[59].

Platelet cryopreservation has been fraught with more difficulties than
the cryopreservation of erythrocytes. Both glycerol and Me2SO have
been investigated as cryoprotectants for platelets with the aim of extend-
ing the very limited storage period available for these cells at 22°C
[60,61]. Reported survivals of cryopreserved platelets following trans-
fusion range from 30-80% of controls, but none of the techniques has
as yet gained wide acceptance.

Cryopreservation of tissues

Two methods of corneal cryopreservation were developed in the 1960s
[62,63] and some successful grafts were performed using cyropreserved
tissue. The technique proved unreliable, however, and subsequent
laboratory and clinical investigations showed that freezing could cause



extensive damage to the corneal endothelium [see 64 for review]. In
addition to the damage caused to individual cells in a tissue by the
changes in solute composition during freezing, ice formation might also
physically disrupt the structural organization upon which the overall
function of the tissue depends. As a result, ways to avoid ice formation
during corneal cryopreservation are being sought. One way to achieve
this is by vitrification, which is the transformation of a supercooled liquid
into an amorphous glass in which the molecules retain the random
arrangement characteristic of a liquid. This state is brought about by a
substantial increase in viscosity during cooling that suppresses molecular
diffusion and thus prevents ice crystallization. To achieve vitrification at
practicable cooling rates, however, requires the presence of very high
concentrations (>6 mol/1) of cryoprotectants. It has been shown, how-
ever, that corneas can tolerate brief exposure to a vitrifiable concentra-
tion of cryoprotectants [65].

Conclusions

Of the techniques available for the storage of cells and tissues, the sim-
plest is that of hypothermic storage where reduced temperature is em-
ployed to lower the metabolic requirements of cells. The metabolic and
physiological changes that cells undergo at reduced temperatures, how-
ever, combine to limit the period of viable storage to only a few days in
the case of platelets and corneas and to a few weeks for erythrocytes. The
option of normothermic storage by organ culture, which aims to main-
tain cellular metabolism, has been successfully exploited to extend cor-
neal storage to 30 days. Cryopreservation is the only technique that offers
the prospect of virtually indefinite storage. Erythrocytes can be success-
fully cryopreserved, but the cryopreservation of platelets and corneas has
thus far proved too unreliable for routine clinical use.
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FREEZING AND THAWING PLASMA

R.V. McIntosh, A.J. Dickson, D. Smith, P.R. Foster

Introduction

Freezing and thawing are critical operations in industrial plasma frac-
tionation. The aims are to preserve the clinically important activities con-
tained in the plasma and to recover these activities as efficiently as
possible for further processing. These operations are of particular im-
portance in the preparation of Factor VIII concentrates because Factor
VIII activity is a labile component of plasma and virtually all methods of
production begin with the extraction of Factor VIII activity from a
cryoprecipitate formed during the freeze-thaw process.

Within the overall freeze-thaw process four areas can be identified
whose design and operation are influenced by the low temperature
properties and behaviour of plasma. These are: freezing; cold storage;
the first stage of thawing involving the tempering or conditioning of the
plasma and the second stage of thawing when the plasma is melted into
a liquid state.

Freezing

Solutes which crystallize

When a simple aqueous solution of a salt freezes, ice crystals form and
then grow throughout the solution increasing the concentration of the
solute in the remaining fluid phase. This process continues until the con-
centrated solute crystallizes together with any remaining water and the
whole system becomes solidified. This type of freezing is refered to as
“eutectic freezing” (from the Greek eu-well and taxis-arrangement) and
can be represented by an equilibrium phase diagram such as that shown
in Figure 1 for sodium chloride [1].

The crystaline eutectic phase forms at a definite temperature (-21°C
for NaCl 2H20) when the solute has reached a certain concentration
(23.3% w/v or 30% w/w for NaCl) and these values are characteristic of
the particular salt/solvent system.
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Figure 1. Equilibrium phase diagram of an aqueous solution of sodium chloride;
adapted from Cammack and Adams [1]. a: Solution; b: Supersaturated solution;
c: Ice + freeze concentrate; d: Ice + eutectic; e: NaCl + eutectic.

Non-crystallizing solutes

Some water soluble substances fail to crystallize during freezing. These
include sugars, some synthetic polymers and proteins. A phase diagram
for amodel system of this type [2] is shown in Figure 2. As before the for-
mation and growth of ice crystals is accompanied by an increase in the
solute concentration of the residual liquid phase butin this case, as freez-
ing continues, the solute fails to crystallize and instead the whole system
hardens as a mixture of ice crystals in a highly concentrated viscous sol-
ution of the solute to form what is termed a “glassy” structure.

Freeze concentration

Irrespective of whether the solution freezes to a crystaline or a glassy
structure a concentrated solution of solutes will be present.at some time
during freezing. Solute concentration increases sharply as freezing be-
gins for example 0.15 molar NaCl is concentrated tenfold at -3°C. As well
as causing changes in ionic strength, the buffering characteristics of sol-
utions can also be affected [3]. Temperature alone alters the pKa of com-
mon buffering ions and when the buffering of a solution depends upon
the molar ratio of two or more salts, such concentration effects can cause
large pH shifts. '
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Figure 2. Phase diagram of an aqueous solution of polyvinylpyrrolidone (PVP);
adapted from MacKenzie [2].
a: Solution; b: Ice + freeze concentrate; c: Glass.

In extreme cases pH shifts can occur when one salt crystallizes while
the other remains in solution. The phosphate buffering systems have
been studled as a good example of this effect; crystallization of the
HPO4 2 salt causes a decrease in pH and crystallization of the HPO4™!
form causes an increase. Similar fluctuations will occur in other systems
containing for example trisodium citrate which crystallizes out at—6.9°C
in simple aqueous solutions and the sodium phosphate buffer mixture
which has an eutectic point at -9.9°C.

Formulation

Plasma for industrial scale fractionation is collected into a concentrated
solution of additives such as citrate, phosphate, dextrose (CPD) or acid,
phosphate, dextrose (ACD). These formulations were designed origin-
ally for anti-coagulation and red cell preservation in whole blood stored
at +4°C and not for the cryopreservation of plasma proteins. Although for-
mulation can be critically important in successful cryopreservation of pro-
teins [1] there has been little or no work done on optimally formulating
plasma for frozen storage. There have been some studies on collecting
plasma into half-strength citrate [4] or into heparin [5,6] but these have
been aimed principally at physiological improvements in Factor VIII
activity. Formulation of plasma is not a topic which this paper will
consider in detail.
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Freezing studies on plasma

Donor plasma, unlike the systems described above is a complex aqueous
mixture of salts, carbohydrate and proteins some of which (although not
crystallizable) have low solubilities and are readily deposited out of sol-
ution on cooling or during freezing. Itis not surprising therefore to find
that there are no equilibrium phase diagrams for plasma. There have been,
however, occasional studies of the freezing characteristics of plasma or
related substances. Greaves [7] has compared the freezing characteristics
of saline and horse serum using differential thermal analysis and the
measurement of electrical resistance. Differential thermal analysis sen-
ses changes to different states by detecting as heat the energy of mole-
cular movement which is lost as the molecules slow down and become
stabilized during freezing or taken up in random molecular motion dur-
ing warming. Resistance measurements exploit the property of aqueous
solutions containing conducting ions that when they freeze their elec-
trical resistance increases because of the reduced mobility of the ions.
These analysis showed a clear cut step change in the sodium chloride sol-
ution during freezing and thawing corresponding to the eutectic freez-
ing of NaCl. However, in the measurements on horse serum far less
pronounced thermal changes were observed and the resistance showed
a gradual change over a wide temperature range suggesting that the
serum was nog completely frozen until a temperature of —70°C was
reached.

MacKenzie [8,9] has presented data (Table 1) on phase transitions in
human plasma detected using simultaneous differential thermal analysis
and resistance measurements. These data show no simple eutectic beha-
viour indicating that no solid systems have been formed and different
fluid states exist to very low temperatures. The continuous and gradual

Table 1. Phase transitions in donor plasma; data from MacKenzie [8,8].

Transition Temperature of transition ("C)

Slow freezing  Rapid freezing

1. Glass transition
(onset of motion of water molecules) -80 -85

2. Antemelting
(onset of molecular mobility of proteins) —42 to -38 -38to -35

3. Incipient melting
(beginning of thermodynamic melting of ice) —27 -27

4. Melting point
(final melting of ice) -0.5 -0.5

Measurement made during slow warming after slow freezing (2°C per minute) or
rapid freezing (200°C per minute).
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Figure 3. Resistivity of frozen plasma and normal saline. ** Normal saline;
®¢ Plasma. Measurements made during slow thawing (at RT) after fast freezing
(in solid COg).

nature of any phase transition in human donor plasma is confirmed in
our own resistivity measurements (Figure 3) which show no evidence of
any simple eutectic freezing.

Optimal freezing conditions for plasma

With so little knowledge of the events which occur during the freezing
of plasma it is not surprising to find that there is no clear agreement on
an optimal method for freezing plasma on a large scale. In small scale
laboratory experiments Chang [10] and Over etal [11] have demonstrated
the presence of sodium and protein concentration gradients on slow
freezing and Over et al [11] have shown that the yield of Factor VIII in
cryoprecipitate prepared from slowly frozen plasma (in -30°C stationary
air) is much less than that prepared from rapidly frozen plasma (immer-
sion in —79°C COg/ethanol or N2 vapour).

Farrugia and Prowse [12] have also found in small scale experiments
that slow freezing (0.33°C/min to —35°C) when compared to fast freez-
ing (5°C/min to —60°C) has a deleterious effect on cryoprecipitate
quality.

In the absence of defined freezing rate and temperature end point the
trend has been to freeze plasma as rapidly as is practically possible. How-
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ever, fast freezing is difficult to obtain and control at a large scale. Rowe
et al [13] have noted that plasma units in the centre of a fully loaded
—80°C freezer can take up to 30 h to become “frozen solid” in contrast
to shorter times for units located at the bottom and top of the freezer.
Smith and Evans [14] have also commented that there was no difference
in Factor VIII yield from single donor packs and five litre packs, which
would be expected to freeze more slowlyin the same (-30°C) environment.
Furthermore although freezing plasma in a —20°C or —30°C freezer has
been shown to give decreased Factor VIII yields in cryoprecipitate com-
pared with plasma frozen in much faster blast freezers [15,16], using a
-40°C freezer has been reported to give yields similar to -80°C blast free-
zers or to freezing in liquid nitrogen [16,17].

A better approach to designing a method for the routine freezing of
plasma may be to identify the principal feature of freezing which
minimizes damage and determine if this can be achieved in a manner
which might be easier to realize reproducibly at scale. It has been sug-
gested [13] that prolonged freezing during the water/ice phase transi-
tion is detrimental to plasma Factor VII activity and it has been
proposed [18] that rapid ice formation helps prevent prolonged expo-
sure to the concentration gradients which may denature proteins. Ice
crystal size and distribution are dependent upon the degree to which the
water can be cooled to below 0°C before crystallization begins sponta-
neously (nucleation). This phenomenon is called supercooling or under-
cooling and pronounced supercooling results in rapid ice formation
throughout the solution producing a uniform dispersion of small ice
crystals and a freeze concentrate of relatively uniform composition. The
question then is one of how to obtain such a homogeneous frozen struc-
ture in plasma without recourse to fastfreezing. We faced a very similar
problem in the pre-freezing of Factor VIII concentrate prior to freeze
drying. The fastest freezing method available, which was to load the vials
directly onto a -50°C cold shelf, gave a mixture of different frozen struc-
tures throughout the batch. Some vials showed an irregular heteroge-
neous structure containing large crystal formations others, in contrast,
showed a fine crystal structure giving the freeze dried plug a uniform
homogeneous appearance. We were able to obtain batches in which all
the vials had the same uniform homogeneous frozen structure by using
a 2-stage freezing procedure in which the product was supercooled by
cooling on a —10°C shelf before freezing to -50°C [19].

The application of a similar two-stage freezing method to small
aliquots (50 mls) of plasma (Figure 4) shows a sudden rise in tempera-
ture following cooling to below 0°C, indicating spontaneous ice nuclea-
tion throughout the sample. This same phenomenon should give
uniform freezing throughout the entire contents of a larger sample (e.g.
a plasma donation) and further work will be required to determine
whether or not that is the case. The Factor VIII recoveries into cryopre-
cipitate prepared from the small aliquots frozen via supercooling (57%
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+17.6% n=6) were similar to those recovered from parallel samples placed
directly onto a —=50°C shelf (58% + 12.3% n=6). Although these results
suggest that Factor VIII activity is not adversely affected by this type of
slow freezing more meaningful data on cryoprecipitation will also re-
quire larger volumes to the processed so that controlled thawing can be
carried out. Although controlled thawing can be achieved with single
donations [20] any benefits in terms of Factor VIII yield from homo-
geneous batch freezing using this method may only be evident at scale.

Cold storage

Critical temperatures in frozen plasma

Following freezing, plasma should be stored ideally at a temperature
lower than that at which liquid states exist. If we consider the freezing
characteristics of plasma which were presented earlier (Table 1 and
Fig. 3) this temperature could be as low as =70°C or -80°C. However the
amount of solution in a liquid state at temperatures close to this will be
extremely small since the relationship between solid phase composition
and temperature is a log/linear one (for example see Figure 3). Further-
more, in plasma the freeze concentrate at these temperatures will be very
viscous and so the degree of molecular movement and denaturation will
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Figure 4. Freezing and supercooling in plasma. **: Plasma placed directly on
—50°C cold shelf; ®e: Plasma cooled to below 0°C on a —13°C shelf, then shelf
temperature reduced to =50°C.
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be severely limited. Nevertheless other more extensive and mobile
phases exist at significantly higher temperatures such as the onset of
molecular mobility of proteins (—42°C to —-35°C) or the beginning of ther-
modynamic melting of ice (—27°C) both identified by MacKenzie [8,9]
which might have more pronounced effects during long term storage.

Studies on plasma storage at different temperatures

For reasons of cost and equipment availability plasma is usually stored
between —20°C and —40°C. It has been reported from small scale experi-
ments (small aliquots or single packs of plasma) that storage at —20°C or
—40°C had no effect on Factor VIII stability [22] and cryoprecipitate
quality [12].

At the Protein Fractionation Centre we have studied the effects of
—-20°C and —40°C storage on cryoprecipitate quality at an industrial scale.
Fresh frozen plasma for Factor VIII manufacture is normally stored at
-40°C. However, for operational reasons, in addition to —40°C storage,
some fresh frozen plasma was stored at the same time at—20°C for a limited
period. A comparison of the cryoprecipitates recovered from plasma
stored at these two temperatures (Table 2) showed that the mass of
cryoprecipitate recovered from -20°C stored plasma was higher
(p <0.05) giving an overall reduction in cryoprecipitate quality (IU
Factor VIII/g precipitate). This implies that -20°C storage had reduced
the solubility of (e.g. partially denatured) some proteins which —40°C
storage had not.

Thawing

First stage (conditioning)

Although prolonged exposure to high concentrations of solutes can be
damaging to proteins it is these concentrated solutes which also have the
desirable effect of forming a protein cryoprecipitate by salting out [22]
or by other concentrated proteins acting as hydrophilic polymers [23].
As virtually all methods of Factor VIII production begin with the extrac-
tion of Factor VIII activity from a cryoprecipitate it is advantageous to
raise the plasma temperature immediately prior to melting in a manner
that ensures that cryoprecipitate formation is optimal for further pro-
cessing.

Some prior warming is normally necessary to enable the plastic bag
to be removed and the size of the frozen plasma blocks to be reduced by
crushing for efficient metling. Forster et al [24] first noted the signific-
ance of this temperature manipulation of cryoprecipitate formation.
During the development of a new crushing and thawing system it was
observed that crushing plasma directly from —40°C cold storage resulted in
the formation of cryoprecipitate which was more difficult to process and
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Table 2. The effect of variation in plasma cold storage on Factor VIII recovery and
cryoprecipitate quality.

Cold storage °C
-40°C to -20°C

(1 month) to -40°C -40°C

Number of batches 5 9
Batch size (1) 751 + 80 718 + 77
Plasma Factor VIII (IU/1) 795 + 84 790 + 77
Cryoprecipitate wt (g/1 plasma) 11.63+ 0.48 10.98+ 0.57
Cryoprecipitate extract Factor VIII

(IU/1 plasma) 597 £ 24.9 594 + 39.7
Cryoprecipitate quality (IU/1) 51.4 £ 2.7 542 + 2.3

Results are expressed as mean * standard deviation.

Factor VIII activity was determined by the one-stage method standardized against
British Plasma Standard (87,/1604) for plasma samples and British Concentrate
Standard (87/1568) for cryoprecipitate samples.

Cryoprecipitate was recovered using a refrigerated multichamber centrifuge
(Westfalia BKa 25).

All batches were conditioned in a Plasma Conditioning Unit at -15°C (see Table 3,
column II.

which gave a lower recovery of Factor VIII activity than when the plasma
was allowed to warm at +4°C for a few hours before crushing and thawing.
Having established the importance of this “conditioning” effect it was
considered necessary to bring it under better control by carrying out this
first stage of thawing in a controlled temperature unit (Plasma Condi-
tioning Unit) where the desired temperature could be achieved accord-
ing to a selected programme, enabling the frozen plasma to be warmed
from —40°C to about —10°C over about 5 hours [25].

The importance of conditioning the plasma in this manner has been
demonstrated in our subsequent operational experience with this Plasma
Conditioning Unit (PCU). Throughout 1985 there was a steady increase
in cryoprecipitate weight while Factor VIII recoveries remained con-
stant. This was attributed subsequently to progressive changes in heat
distribution in the PCU. As Table 3 shows the cryoprecipitate weight
could be reduced without affecting Factor V1l yield by lowering the con-
ditioning end point temperature. (The cryoprecipitate weight was
reduced further by returning to storage only at —-40°C as shown in
Table 2 and discussed above). However the deterioration in the PCU
performance was followed by complete mechanical breakdown and for
a period we were forced to return to conditioning plasma in a +4°C en-
vironment. A change to single donor packs (about 250 mls) from five
litre pooled donations since our previous experience of conditioning in
this manner meant that the plasma temperature rose more rapidly in a
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Table 3. Operational data on plasma conditioning.

Conditioning regimens

I II IIX v

Number of batches 18 5 36 13
Batch size (1) 750 £ 54 751 £ 80 761 + 104 785+ 129
Plasma Factor VIII

(Iu/1 770 £ 68 789 + 84 764+ 130 769+ 72
Cryoprecipitate wt.

(g/1 plasma) 12214119 11.63+£0.48 10.7+£0.64 10.05+0.34
Cryoprecipitate extract

FVIII (IU/1 plasma) 567 + 47 597 +£24.8 509 + 42 551 £ 50.3
Cryoprecipitate quality

(IU/g) 46.4 1+ 4.1 51427 478146 544+55

Results are expressed as mean * standard deviation.

Factor VIII assays and cryoprecipitate weights were derived as in Table 2.

The different conditioning regimens were:

I: PCU -10°C; approx. 6 h; -8°C plasma at crushing (plasma stored at -20°C as in
Tabel 2).

II: PCU -15°C; approx. 6 h; =12°C plasma at crushing (plasma stored at -20°C as in
Table 2).

1II: Cold room +4°C; approx. 2 h; =10 = 2.0°C plasma at crushing (plasma stored at
-40°C).

IV: PCU -16.0°C; approx. 5 h; =10.5 = 0.5°C plasma at crushing (plasma stored at
-40°C).

+4°C environment than it had previously. The results of this change
where that although the cryoprecipitate weight remained low the Factor
VIII yield was drastically reduced. Returning to a more controlled tem-
perature rise in a refurbished and enlarged PCU subsequently improved
the Factor VIII yield and cryoprecipitate quality (Table 3).

These results demonstrate the importance of tempering or condition-
ing plasma to produce an optimal cryoprecipitate. They are also consis-
tant with the findings of Winkelman and Pinnell [26] and Farrugia et al
[27] in suggesting that, within a limited range, the conditioning tem-
perature does not influence Factor VIII yield but does affect the amount
of protein which is co-precipitated with Factor VIII. Furthermore our re-
sults show that the yield of Factor VIIl into the cryoprecipitate is depend-
entupon a controlled temperature rise during this first stage of thawing.

Second stage (ice melting)
The rate of temperature increase in the second stage of thawing (ice

melting) is also critical. In the same way that rapid ice growth helps
prevent protein damage on freezing so denaturation on thawing can be
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Table 4. A comparison of batch and continuous thawing processes; data from Fos-
ter and Dickson [25].

Thawing

continuous Batch
Number of batches 20 20
Batch size 965.4 + 39.7 160.6 £21.1
Cryoprecipitate wt. (g/1 plasma) 9.04+0.64 8.49 +1.37
Cryoprecipitate extract FVIII (IU/1 plasma) 479.3+101.1 316.5 £ 60.4

Results are expressed as mean * standard deviation.

Factor VIII activity was determined by the one-stage method standardized against
British Plasma Standards (77/520) and (70/506).

In batch thawing the cryoprecipitate was recovered using a refrigerated tubular
bowl centrifuge (Sharples 6-P).

In continuous thawing the cryoprecipitate was recovered using a refrigerated
multichamber centrifuge (Westfalia BKa6).

minimized by rapid melting of the ice. However, rapid thawing can be
difficult to control at scale resulting in local temperature overshoot caus-
ing the precipitated Factor VIII to redissolve and be lost to further pro-
cessing. These problems can be overcome by using continuous thin-film
thawing which is rapid and free from temperature overshoot. The devel-
opmentand operation of such a system which can maintain a plasma film
temperature <+2°C at a thawing rate of 200 kg/h [28] has been de-
scribed in detail elsewhere [24,25].

The principal benefit of this system can be seen in its comparison with
batch thawing (Table 4). The continuous process showed a 51% im-
provement over batch thawing in Factor VIII yield into the cryoprecipi-
tate. This difference could not be accounted for by the different
amounts of Factor VIII activity remaining in the cryosupernatant, which
indicated that the continuous process, as well as preventing resolution
of Factor VIII during final thawing, also reduced inactivation.

Summary

In conclusion it can be said that despite the obvious importance of the
freeze-thaw process in industrial scale plasma fractionation there is little
published information on the nature of the freezing process in plasma
or on low temperature control and manipulation during subsequent pro-
cessing. Furthermore the freezing, cold-storage and thawing of plasma are
all interactive such that studies on freezing for example can be com-
promized by less than optimal thawing or as we have shown in this report
cryoprecipitation can be influenced by both storage and conditioning.
However, from the available data a tentative summary of the aims of each
of the four stages of the freeze-thaw process can be made:
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Freezing

The aim of freezing should be to obtain a homogeneous well dispersed
ice crystal structure to give a freeze concentrate of uniform composition.
This may be achieved by fast freezing or by freezing more slowly but in
a way which induces a significant amount of supercooling.

Cold storage

Ideally plasma should be stored at a temperature at which no fluid states
exist but the use of such low temperatures may not be cost effective. For
practical purposesitis necessary to adopt a temperature which avoids the
more extensive and damaging of fluid states. We have observed adverse
effects on cryoprecipitate following storage of plasma at —20°C and from
the data of MacKenzie [8,9] an optimal storage temperature will prob-
ably lie below —27°C.

Thawing; first stage (conditioning)

To allow optimal formation of cryoprecipitate the plasma temperature
needs to be raised to a suitable temperature (-15°C to —10°C) immediately
prior to melting. To ensure maximum Factor VIII yield this rise should
be carried out slowly (5 h) in a controlled manner.

Thawing; second stage (ice melting)

The second stage of thawing must be carried out rapidly to avoid dena-
turation and in a controlled way to prevent local temperature overshoot.
Thin film continuous thawing as described by Foster et al [24] achieves
these aims.
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CELL AND CELL CONSTITUENT FREEZE-DRYING:
FUNDAMENTALS AND PRINCIPLES

P.J.M. Salemink

Introduction

The freeze-drying technique can be applied for preservation, when a com-

pound or a product appears to be chemically, biologically or thermally

unstable in solution or when different components in solution are

mutually incompatible. Increasingly, guarding and control of the freeze-

drying process becomes important to obtain a lyophilized product, from

which the original form/structure can be recovered optimally.
Applications of the technique arose in the fourties of this century

[1,2]. One out of the several reasons is sufficient to decide to freeze-dry

a compound, €.g.:

— instability of the compound in aqueous environment (hydrolysis of
esters and amides)

— chemical reactions between 2 components in solution

— denaturation or aggregation of biopolymers and cells resulting in loss
of biological activity.

Compounds and products, which can be succesfully freeze-dried from an
aqueous environment, include compounds and cells like proteins
(enzymes, hormones, immunoglobulins), nucleic acids, steroids, bac-
teria, viruses, vaccins and lymphocytes, among others. The results is a
longer chemical and micro-biological shelf-life. Of course, this yields ad-
vantages, when the compound or cell suspension is being used for ther-
apeutic purposes, as a reference standard or just for storage during a
longer period. The biological activity and the solubility of the freeze-
dried product can be strongly influenced by a number of parameters. In
Figure 1, a number of important parameters and their interrelationships
is given. These interrelationships can be subdivided into 3 categories:
- cooling rate/product temperature / nucleation of solute/solute crystal
growth / retention of matrix
— no nucleation of solute/amorphous structure / hygroscopy / collapse /
activity / solubility / residual moisture / vapour pressure
— nucleation of ice/ice crystal growth/capillary diameter/sublimation
rate
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Depending upon the nature and the degree of the problems with the
compound or cell suspension to be freeze-dried, attention should be
paid to one or more of these parameters and is it desirable to optimize
these.

Materials and methods
Freezing analyser

A freezing analyser (Edwards, Marburg, FRG) was used to determine
freezing behaviour. A small sample (5.0 ml) of the dissolved product was
placed in the analyser, the sample was then frozen and subsequently
heated slowly under atmospheric pressure or under slightly reduced
pressure to avoid condensation on the probe. During this process the
temperature and electrical conductivity (AC current) were recorded
simultaneously as a function of time. The calibration curve for the con-
ductivity cell was obtained from the manufacturer (Edwards). During
measurement no sublimation occurs. The analogue curves thus ob-
tained were digitilized using a plotter (Hewlett Packard model 9872,
Hewlett Packard, Palo Alto, USA) and a desktop calculator (Hewlett Pac-
kard model 9825). As the freezing analyser generates signals which are
not linearly related to temperature as well as to conductivity, corrections
were applied to the data read into the desktop calculator. Typically, 150-
180 pairs of digitilized points were sufficient to describe the analogue
curves.

Data reduction of freezing analyser curves

To extract the information contained in the analogue curves of the freez-
ing analyser, attempts were made to describe the conductivity curves by
a small set of parameters.

The following empirical model was used to calculate the parameters
describing the conductivity curves:

-log EC =P0 +
N
Z{Pi,1/(1 +exp(Pi, 2(Pi, 3-T)))} (1)
i=1
in which:

EC = electrical conductivity measured in mS (milli Siemens); T = tem-
perature ("C); N =number of steps; PO =—log S at maximum temperature
of experiment; Pi,1 = height of step i, = hi; Pi,2 = slope factor of step i, =
Si; Pi,3 = transition temperature (Tt) of step i, = Ti.
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The parameters (P) are calculated by a non-linear regression program
[3,4]. A desktop calculator of 24 kbyte memory was used for relatively
small datasets of about 100 points with at most two transition steps. For
larger datasets or more transition steps the data were transferred to a per-
sonal computer.

The program checks for convergence by calculating the relative shift
in the parameters after each iteration. If all absolute values of these
relative shifts are less than 1x107, the program stops. If this is not the
case but the relative difference in successive sums of squared residuals is
less than 1x107, the program stops and offers the possibility to restart
with different estimates. If neither of these conditions are met within 20
iterations, the program stops and returns the estimates corresponding
to the smallest sum of squared residuals encountered in the 20 iterations.

The slope in each point of the curve is given by:

N
T [(Pi,] x Pi,2 x (exp(Pi,2 x (Pi,3-T))))/
i=1 ((1+exp(Pi,2x (Pi,3-T))) )] (2)

This equation is valid regardless of the separation of the individual steps
in the curve.
For curves with well-defined and well-separated steps this reduces to

transition slope = (Pi,1 x Pi,2) /4 (3)

Small positive or negative slope values for steps adjacent to step i yield a
negligible contribution at T = Pi,3. Equation 3 can be used to obtain a
starting value for Pi,2 [5].

Powder diffraction
Powder diffraction spectra were recorded (Philips pw 1050 goniometer,
Eindhoven, The Netherlands) with CuKg radiation (A =0.154 nm).

Moisture contents
Moisture contents were determined by injecting Karl Fisher solvent into
the vial through the rubber closure. After dissolving the powder, a por-
tion of the solution was withdrawn for coulometric determination of the
residual moister content (Mitsubishi (CA-05/VA-05, Tokyo, Japan).

Scanning electron microscopy
Scanning electron microscopy was performed on a SEM S180 Cam-
bridge instrument (Cambridge, UK) after freeze-drying.

Freeze-drying
Freeze-drying was performed on a Lyovac GT20 apparatus, (Leybold-
Heraeus GmbH, Cologne, FRG), equipped with microprocessor control
LPClI and vacuum lock to withdraw samples under vacuum for analysis.
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Opalescence
The opalescence of reconstituted solutions was determined by turbidi-
metry (TRM-L, M.R. Drott K.G., Vienna, Austria) or by fluorimetry
(Perkin Elmer 204, Perkin Elmer Corp. USA)

Liposomes
Phospholipon 100H (hydrogenated soybean phosphatidylcholine: PC-
H) was gift of Natterman (Koln, FRG). This product contains at least
93% phosphatidylcholine, less than 2% lysophosphatidylcholine and
about 2% water. The fatty acid composition is 10% Cis:0, 90% Cis:0 and
traces of Cg00. The transition temperature of PC-H in an aqueous disper-
sion measured by differential scanning calorimetry (Perkin ElImer DSC-
2, Perkin Elmer Corp., USA) was 51°C. Dicetylphosphate (DCP) and
cholesterol were supplied by Sigma Chemicals (St. Louis, MO, USA).
5,6-Carboxyfluorescein was obtained from Eastman Kodak Co. (Rochester,
NY, USA). Glycerol met the requirements of the Ph. Eur., mannitol of
the USP XXI. Apart from CF all chemicals were used as such. CF was puri-
fied; multilamellar vesicles were prepared with the classical film method
as described previously [6]. PC-H and DCP (molar ratio 10:1) were dis-
solved in chloroform in a pear shaped vessel. The chloroform was evap-
orated in a rotary evaporator to yield a film. Traces of chloroform were
removed in a vacuum desiccator for 2 h. Then glass beads were added
and the film was hydrated in a 50 nmol/1 CF and 10 mmol/1 Tris con-
taining aqueous solution (pH 7.4) at 70°C by hand shaking. The phos-
pholipid concentration after hydration was around 30 mmol/1. Lipid
phosphorus was determined according to the procedure of Fiske and
Subbarow [7]. The principle and details of the determination of the CF
retention were described elsewhere [8]. The fluorescence signal (Perkin
Elmer fluorescence spectrophotometer 204, Hitachi Ltd. Tokyo, Japan)
of a diluted liposome dispersion before and after destruction of the lipo-
somes by Triton X-100 (1%) (BDH Chemicals Ltd, Poole, UK) was de-
tected at 515 nm. The excitation wavelength was 490 nm. For complete
release of CF from the liposomes the Triton X-100 containing disper-
sions were heated for 1 h at 100°C in sealed vials. Particle diameters were
measured by dynamic light scattering (Nanosizer, Coulter Electronics
Ltd, Luton, UK).

Glass vials containing 0.6 ml of the dispersion were placed in the
cryostat (Julabo F40/HC, Seelbach, FRG). After freezing under the se-
lected conditions the vials were taken out of the cryostat and thawed at
4°C. For measuring the conductivity as a function of the temperature a
freezing analyser (Edwards, Marburg, FRG) was used. A 5 ml sample of
the solution or dispersion was transferred to the freezing analyser. The
sample was frozen down to —60°C at a rate of 7°C/min and subsequently
slowly heated to +4°C or +12°C. During this heating process the tempera-
ture and electrical conductivity (AC) were recorded simultaneously as a
function of time. The calibration curve for the conductivity cell was
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N
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Figure 2. Phase diagram of a binary system (A,B). The eutectic point is denoted
by Te. Equilibrium melting curve and nucleation curve are denoted by cg and
o respectively. The bold line shows, how the composition (A,B) or (A’,B’) at
time t=0 changes during freezing: the intersection of this bold line with the nu-
cleation curve yields the temperature, at which the first crystals of compound A
or B are formed.

During this process heat of crystallization is released and — as a result — the bold
line rises up to the equilibrium melting curve. On further withdrawal of heat
(cooling), the composition (A,B) or (A’,B’) changes conform the curve ct in the
direction of the arrow to the eutectic point Te. The binary system can be a pro-
tein or hormone (A) solution in water (B).

Monomolecular Amorphous / metastable
solution phase
Micellar Crystalline
phase phase
Glass phase
(polymorphy)

Figure 3. Phase changes, which can be encountered during freezing and sub-
sequent freeze-drying.
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obtained from the manufacturer (Edwards, Marburg, FRG). For analysis
of the experimental data, the analog curves were digitized with a Hewlett
Packard 9872 plotter and a Hewlett Packard 9825 desktop calculator
[5,6].

Purification and chromatography of tRNA
Specific tRNAs were extracted from E. coli bacteria and subsequently
purified and characterized [9]. The purification process is based upon
multiple preparative liquid chromatography. The individual chromato-
graphic runs have been interchanged with freeze-drying runs to concen-
trate and preserve the tRNA during ongoing purification.

Chromatographic detection and purity determination of individual
tRNAs was performed using a specific enzyme radio-isotope assay [9].

’Lp NMR specira of tRNA
31p NMR spectrawere recorded on a Varian XL-100 spectrometer, oper-
ating in the Fourier transform mode at 40,5 MHz. Heteronuclear proton
noise decoupling was used to remove the | coupling induced by the
ribose protons. A pulse width of 20 us was employed, corresponding to
a flip angle of 45°. Accumulation proceeded during 16-20 h with a spec-
tral width of 2000 Hz and an acquisition time of 1 s; no pulse delay was
used. Usually, a sensitivity enhancement was applied, yielding a line
broadening of 0,6 Hz (Varian, Palo Alto, USA).

Reported chemical shifts are given relative to 20% HsPO4 as an -
external reference with downfield shifts defined as positive. tRNA samples
were dissolved in 0,2 ml of D2O buffer, containing 30 mM cacodylate,
80 mM NaCl, 1 mM EDTA, and 10 mM MgCly, at pH 7,0. The D2O
solvent was used as an internal field frequency look.

Phase diagram

Prior to freeze-drying, knowledge of the phase diagram of the system is
of ultimate importance in order to:

— know the position of the eutectic point or eutectic traject

— recognize the presence of polymorphism and metastable phases

Knowledge of the eutectic point Te c.q. traject is essential, because
during sublimation the temperature of the solid mass should be 5-7°C
below Te. Knowledge of polymorphic behaviour is essential, because the
properties of the freeze-dried product — e.g. the rate of solubilization
and the clarity/opalescence after reconstitution — can depend to a large de-
gree upon the morphology obtained.

Figure 2 yields a phase diagram of a simple, binary system: the thick
line has been drawn to illustrate how the composition of the binary system
changes during freezing, before finally Te is reached. In Figure 3 a survey
of anumber of phase changesis given, which can be encountered during
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Figure 4. X-ray diffraction spectra recorded on crystalline (upper spectrum) and
amorphous (lower spectrum) corticosteroid.
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Figure 5. Digitized form (+++) of the conductivity curves for NaCI-KCI-H20,
together with the respective simulated curve (soldid line).



33

freezing and subsequent freeze-drying. Understanding of phase transi-
tions is necessary for the design of freeze-drying processes.
In order to construct phase diagrams, a number of techniques can be
used, among which:
Differential Scanning Calorimetry (DSC)
Differential Thermal Analysis (DTA)
X-ray differentiation
Electron microscopy
Electrical conductivity measurements

|

Examples of two techniques will be discussed below, i.e. X-ray differen-
tiation and electrical conductivity.

X-ray diffraction in relation to phase transitions

Phase transitions can play a crucial role in the manufacture of
lyophilized products. These phase transitions and large structural
changes can occur at narrow temperature intervals (e.g. within 3°C)
upon freezing [10]; this underlines the significance of knowledge of the
phase diagram and/or temperature control of the process. These struc-
tural changes can drastically affect the dissolution properties of the
freeze-dried product.

In some cases this results in an unacceptable reconstitution of the pro-
duct reflected by long dissolution times or by permanent opalescence of
the solution formed upon addition of solvent to the product.

Asan example, different antibiotics can be mentioned [11]. Some posses
an amorphous structure after freezing, associated with a bad reconstitu-
tion and hygroscopical nature. By means of a short heat treatment of the
frozen mass (prior to sublimation), these antibiotics could still be obtained
in crystalline form. This resulted in an improved reconstitution and in
less hygroscopicity than in the case of the amorphous modification.

Crystallinity or amorphous state can be measured by recording X-ray
diffraction spectra. In Figure 4 X-ray diffraction spectra of a crystalline
and an amorphous corticosteroid after freeze-drying are given. The spec-
trum of the crystalline material is characterized by a large number of dis-
crete Bragg reflections, whereas the spectrum of the amorphous
material shows a single, broad scattering peak [5].

Electrical conductivity determination to establish the phase diagram

The information contained in the electrical conductivity curves
measured as a function of temperature can be represented by a small set
of parameters. This is achieved by approximating the electrical conduc-
tivity curve as a number of consecutive steps, using a suitable empirical
model. The three parameters describing each step are: transition tem-
perature, slope factor and step height. Transition temperatures
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measurement of the conductivity
(-log S (mS)) as a function of

temperature with freezing analyzer

digitization of the experimental
conductivity curve (HP 9825)

plot of the digitized curve

simulation of the digitized curve
with mathematical model

generation of composite curves
from a set of simulated curves

Figure 6. Flow sheet of eutectic pointdetermination by means of the freezing
analyser.

Table 1. Calculated transition témperature (°C for the binary systems NaCl-H2O
and KCI-HgO as well as for the ternary system NaCl-KCl-H20 in comparison with
their eutectic termperatures reported in the literature.Calculated transition
slopes (°C_1) are also given.

Calculated transition Eutectic slope at Pi,3 temperature*

temperature Pi,3

(C) C) cch
NaCl-H20 -21.3 -21.8;-21.1 -0.82
KCL-H20 - 98 -11.1;-10.7 -4.67
NaCl-KCl-HeO  -22.6 -23.7 -0.78

*Reported in the literature [12,13].
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measured and calculated in this way are in good agreement with the
eutectic temperatures reported in the literature. The major advantage
of these calculations is, that complete conductivity-temperature curves
are represented as a small set of relevant parameters, which can be sub-
sequently employed in actual freeze-drying [5]. To establish the validity
of the empirical model of equation 1, the transition temperatures Pj 3 of
the binary systems NaCl-H2O and KCI-H20 as well as of the ternary sys-
tem NaCI-KCI-H20 as model compounds were calculated by non-linear
regression and compared with the values of their eutectic temperatures
reported in the literature.

The curves for NaCl and KCI have been recorded up to 12°C and 6°C
so as to include the melting of ice crystals at 0°C, which is visible as a sep-
arate transition. Thus, both curves have been simulated using two steps
in the model of equation 1. Both curves show one major transition,
which is due to melting of crystallized salt.

Simulation of the NaCl-H2O curve yielded a transition temperature
P23 equal to —21.3°C, which is in excellent agreement with the eutectic
temperatures of —21.8°C and —21.1°C reported in the literature [12,13].
The transition temperature P1,3 corresponds to the melting of ice crystals
and will not be further discussed here. Simulation of the KCL-H20 curve
yielded a transition temperature P23 equal to —9.8°C. The latter value
also corresponds well with the reported values of the eutectic tempera-
ture of KCL-H20, i.e. -11.1°C and -10.7°C [12,13].

In Figure 5 the digitized points of the conductivity curve for the NaCl-
KCI-H90 ternary system (30 mM NaCl; 120 mM KCI) are represented by
(+++). The curve has been simulated using four steps in the model of
equation 1 (solid line). Simulation of the curve yielded a lowest transi-
tion temperature P43 equal to —22.6°C. This value corresponds well with
the reported eutectic temperature of —-23.7°C [13].

In conclusion, the data analysis of equation 1 yields transition tem-
peratures Pi 3 in close agreement with the respective eutectic tempera-
tures reported in the literature (see also Figure 6). In Table 1, the
calculated and literature values of the transition temperatures are given,
together with the calculated values of the transition slopes. In a com-
parable way, eutectic temperatures of solutions of hormones and pro-
teins have been measured and calculated [14,15].

Computer control and vacuum-lock sampling

The high requirements, which should be obeyed, make control and
guarding of the freeze-drying process necessary; this holds particularly
for biological products with their specific physico-chemical properties.
To ensure an optimal process, modern freeze-drying instrumentation is
supplemented with microprocessor or computer control of the process
and with vacuum-lock sampling.
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Figure 7. Temperature and pressure profile during a nor

mal freeze-drying cycle,

i.e. freezing, sublimation (primary drying) and after-drying (secondary drying).

The course of shelf and product temperature is separately indicated. The onset

of after-drying is visible as the second increase of temperature.

Po = 2.10"1 mBar (18 hours sublimation)
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After closing
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Figure 8. Pressure rise measurements with microproces
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4 measurement

Stop
process

sor/computer control

during the sublimation period and the after-drying period. Intervals for sub-
sequent pressure rise measurements as well as decision criteria have been indi-

cated.
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Control of the temperature of the sublimation interface is an import-
ant part of freeze-drying instrumentation (Fig. 7) equipped with com-
puter control. Indirectly, this temperature can be determined by means
of pressure rise measurements [16,1 7]. For automatic measurement, the
drying chamber with the product is closed off from the vacuum pump
during sublimation at certain intervals; then, the pressure Po rises (Po)
up to an equilibrium value P1. Subsequently, the temperature of the sub-
limation interface can be deduced from P1 by means of the P-T-diagram.
Figure 8 gives an example of this control procedure. Intervals for sub-
sequent pressure rise measurements as well as decision criteria have
been indicated in this figure. Optimalisation of the parameters given in
Figure 8 can be performed empirically. Itis the expectation, that the im-
portance of computer control will mainly reside in the higher repro-
ducibility, with which successive batches of product can be prepared. In
addition, control of the different quality influencing factors — like subli-
mation temperature, residual moisture content and partial water vapour
pressure above the product — is thus better realized.

Another control of the freeze-drying process is the continuous meas-
urement of the electrical conductivity of the frozen mass: when the elec-
trical conductivity exceeds a predetermined threshold value, e.g. due to
undesired temperature increase (melting effects), the product tempera-
ture is maintained below the critical temperature (<Te). As a result, the
sublimation process remains under control and the original physical
structure is maintained (see Phase transitions).

In Figures 9a and 9b photographs of a freeze-drying chamber and of
a vacuum lock installed upon a freeze-dryer are shown. With the help of
vacuum lock samples can be withdrawn under vacuum for analysis
without disturbing the process; with the analysis results a number of
(experimental) possibilities exist:

- freeze-drying to a pre-determined, optimal moisture content

— shortening of existing cycles

— localize the cause(s) of bad reconstitution within sublimation or second-
ary drying phase

— localize the loss of biological activity within sublimation or secondary

drying phase

It is evident, that the potential of a vacuum lock is enormous.

In Figures 10 and 11 examples of the use of a vacuum lock are shown:
samples (vials) have been withdrawn from the shelf under vacuum dur-
ing sublimation and the vial contents have been subsequently analyzed
on moisture with a Mitsubishi moisture analyser. The decreasing resid-
ual moisture content as a function of time under vacuum (hours) can
thus be monitored closely. This has advantages, when a pre-determined,
optimal moisture content exists or when freeze-drying should proceed
until the residual moisture content falls within the specification limits
given to that particular product.
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Figure 9a. Freeze drying of vials onto plates in a drying chamber with a diameter
of 80 cm. This chamber can be closed with a perspex door. The wires are ther-
mocouples, with which the temperature within the product is measured. Cooling
liquid circulates through the metal pipes to the plates (inside hollow). In prin-
ciple, the vials can be closed automatically under nitrogen (inert) atmosphere.
In the upper part of the photograph, a part of the hydraulic cylinder is visible,
which can move the plates towards each other for this purpose. The closing valve
for pressure rise measurements is not visible.

Figure 9. Vacuum lock installed upon the perspex door of a GT20 freeze-dryer
(Leybold Heraeus GmbH). The manipulator arm, with which samples can be
with drawn, is visible perpendicular to the door. After withdrawal from the shelf,
a vial is placed into the lock area under vacuum, closed with a rubber stopper,
subsequently processed through a valve system at the bottom side of the lock and
taken out for analysis.
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Figure 10. Residual moisture content measured during sublimation as a function
of the time under vacuum. For moistere analysis, vials (73,5 mg lactose/vial)
have been withdrawn under vacuum by means of the vacuum locks.

A minimum residual moisture content is not always the best solution.
For agood stability of proteins after freeze-drying a certain residual mois-
ture content is often required. This can be explained as follows: the
strongly protein-bound water molecules lower the free energy content
of the protein, whereas removal of these water molecules just increases
the free energy content and destabilizes the protein.

On the other hand, a high residual moisture content also leads to de-
stabilization (see Introduction).

A moisture optimum indeed exists in freeze-dried cells and protein
preparations; the general shape of the curve is given in Figure 12
[18,19]. Ishibashi etal studied the significance of water activity of freeze-
dried food ingredients and showed that the water activity is a decisive fac-
tor for the survival of freeze-dried bacterial cells. In addition, they
studied the effect of the temperature, at which reconstitution/rehydra-
tion occurs, on the recovery of these cells [18]. The gross morphology,
which the compound obtains after removal of ice/moisture, is some-
times characteristic: after sublimation of the ice crystals imprints im-
posed on the structure can be left.

Figure 13 shows a SEM photograph of a product, taken after freeze-
drying: imprints with the same shape of the ice crystals and left as capil-
laries are clearly visible.
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Figure 11. Residual moisture content measured during sublimation as a function
of time under vacuum. For moisture analysis, vials (49 mg mannitol/vial) have
been withdrawn under vacuum by means of the vacuum lock.
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Figure 12. General shape of the curve, relating residual moisture to activity after

freeze-drying.
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Figure 13. SEM photograph of corticosteroid after freeze-drying. The freezing
temperature was —60°C.

Cryopreservation of nucleic acids by freeze-drying
Secondary and tertiary structure of nucleic acids

Transfer RNA is the smallest cellular RNA in both bacteria and euca-
ryotic cells. The molecule has a manifold of biological functions, among
others itsrole in the decoding of the genetic message is perhaps the most
remarkable. Decoding of the genetic message by transfer RNA (tRNA)
plays an important role during the production of new products, includ-
ing modern medicines in recombinant DNA technology. Consequently,
itwill be evident that the structure of these nucleic acids has gained con-
siderable attention in recent biophysical studies.

Transfer RNAs have a molecular weight varying between 25,000 and
30,000 daltons. The molecules consist of a single polynucleotide chain
of about 75 nucleotides. Although the primary sequence of these tRNAs
may vary strongly, it turns out that they can be folded into a so-called
cloverleaf structure thereby forming four double helical stacks contain-
ing the normal Watson-Crick AU and GC base pairs and occasionally a
GU base pair [20].

X-ray diffraction studies and 'H NMR studies confirmed the presence
of the cloverleaf structure in the crystal as well as in solution [21]. The
four double helical regions formed in the cloverleaf structure, i.e. the



42

A
C—7s
C
A
17— pG o C
CeG
GeC
G U
s—-AelU 60
Ue A i
U
| uea ”» ¢ A
A ¥*
1’5 lr__ _____ ——U 9 é E [ ] (‘: //G
| * msC U G U G //
00 A LA TEY e
N 2 U 50 T g *
D C U CmG *
. c o o o G 5
G GAGLC G —s
6 sl AT| Eede ey
. (?* l CeG
| 20 CeG
Ael
30— G OpC —40
AeV
Cm A
U. Y
PN
Gm A A
3
Figure 14. Cloverleaf structure of yeast tRNA™ as determined by Raj Bhandary

& Chang [43]. Asterisk indicate diesters with a deviating geometry [44]. The
dashed lines represent two base — phosphate interactions; the solid lines repre-
sent tertiary hydrogen — bond interactions.
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DHU (D), TyC, anticodon, and acceptor stem are indicated in
Figure 14. The anticodon and TyC stems are connected by a variable
loop, which may vary in length. The DHU and TyC loop, which are far
apart in the secondary structure, are connected by hydrogen bonded
pairs in the 3-dimensional structure.

In addition, in the 3-dimensional structure base pairs are formed be-
tween the DHU loop and the variable loop and between the DHU stem
and the variable loop. The formation of these interactions is accompa-
nied by a specific folding of the sugar phosphate backbone, which results
in a L-shaped form of the molecule [21]. In the double helical parts of
the molecule the backbone has the standard conformation found in nor-
mal RNA double helices. At the bends in the loops and in the nucleotide
regions involved in tertiary structure, strong deviations from this confor-
mation are found.

In the isolation and preservation of nucleic acids the ultimate aim is
to process these biomolecules through the complete number of chroma-
tographic and freeze-drying runs (Fig. 15) without damaging their second-
ary and tertiary structure. The integrity of secondary and tertiary
structure can well be established with '"H NMR and *'P NMR respectively

[9].
Extraction of tRNA from E. Coli bacteria
Benzoylated DEAE cellulose chromatography
Freeze-drying
DEAE-sephadex A-50 chromatography
Freeze-drying
Sepharose 4B chromatography
Freeze-drying
Reversed phase chromatography on adogen 464 / Plaskon CTFE
Freeze-drying
Structure and conformation analysis
Figure 15. A schematic representation of the purification process of tRNA, in

which preparative — large scale — liquid chromatography is interchanged with
subsequent freeze-drying steps.
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Below, the preservation of tertiary structure of tRNA after multiple
chromatography and multiple freeze-drying is described.

P NMR and cryopreservation of nucleic acids
In nucleic acids the sugar phosphate backbone plays an important role
in malntalnmg the correctfolding of the molecular structure. It has been
shown that the *'P chemical shift is sensitive to the conformation and to
the ionization state of the phosphate group, to complex formation with
metal ions and to the character and structure of chemical substituents
bound to the ester oxygens. For instance, 2an empirical correlationship
between the O-P-O bond angle 6 and the P shift has been found.

From X-ray diffraction data on nucleic acids it follows that changes in
the bond angle 0 are accompanied by concomitant changes in the tor-
sional angles W! and W. Therefore, a relationship between the 3'P shift
and these torsional angles is also very likely. The X-ray diffraction data
on the folding of the Phosphate backbone in tRNA, together with the
relationship between >'P shlfts and diester phosphate conformations dis-
cussed above, suggest that >'P NMR spectra of tRNA may contain well
resolved resonances, arising from spec1a1 diester phosphate groups.
Indeed, it was demonstrated that >'P spectra of tRNA recorded at 40,5
and 100 MHz contain well resolved resonances. Consequently, these

70 60 S0 40 30 °C

r T 4 1 1 T
log K 3p resonance k
L E. coli tRNAS"
3 -

| Il Il L L

29 30 31 32 33
3«03k

Figure 16. A v/h Hoff plot, recorded after four times freeze-drying; log K is
plotted versus 1/T. The data refer to one specific 31p resonance (k) in the spec-
trum of glutamic acid specific tRNA from E. coli.
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resolved 2'P resonances can be used to monitor the preservation of the
tertiary structure after freeze-drying (freezing rate: 40°C/min; cycle:
24 hours).

A v/h Hoff plot, based upon 31p NMR data, is shown in Figure 16:
Log K (equilibrium constant) is plotted versus 1/T (reciprocal absolute
temperature). From the slope of the line in Figure 16 an enthalpy value
of 206 kJ/mole is calculated.

Arrhenius plots, based upon 3'p NMR data, are given in Figure 17: 1
(reciprocal reaction rate constant) is plotted versus 1/T. From the slope
of the lines in Figure 17 Arrhenius activation energies of 176-
353 k]J/mole are calculated. In view of the known enthalpy and activation
energy values associated with the native tertiary structure of tRNAs, the
conclusion is justified that multiple freeze-drying of tRNA leaves the ter-
tiary structure mainly intact under properly chosen freeze -drying condi-
tions.A >'P NMR spectrum, obtained from yeast tRNA ¢ with preserved
tertiary structure (folded), is given in Figure 18. The 3P NMR 51gnals
arising from the tertiary structure, have been indicated. In addition, in
this figure a*'P NMR spectrum without preserved tertiary structure (un-
folded) has been given: the *'P NMR signals, arising from the tertiary
structure, have disappeared now. This figure demonstrates that preser-
Vatlon or loss of tertiary structure can indeed by closely monitored with

31p NMR.

35 40 45 50 55 60 °C
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Figure 17. Arrhenius plots, recorded after fourtimes freezedrying; is plotted
versus 1/T. The data refer to fourspecific 31p resonances in the spectrum of
phenylalanine specific tRNAfrom yeast.
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Figure 1 8. *'P NMR spectra of yeastt tRNAP with (folded) and without retention
of tertiary structure (unfolded). The 3Ip NMR signals arising from tertiary structure
have been indicated.

Cryopreservation of synthetic cells by freeze-drying
Moisture: transport through the cell membrane

Evidently, the freeze-drying process of isolated and purified biopolymers
does not mimic the freeze-drying process of these biopolymers while
being present in their natural cell environment. In the latter case, it can
be expected that structure preservation is also triggered by transport
phenomena through the cell membrane occurring during freezing as
well as during freeze-drying/rehydration. Next to the integrity of the bio-
polymers, in the presrvation of structural and functional integrity of cells
residual water left after freeze-drying is crucial. It is well-known, that
transport of solute(s) and/or solvent during freezing can be described
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by the phenomenological equations of Onsager [22]. It remains to be
established, whether extension to freeze-drying introduces an additional
term (the hydrostatic pressure gradient) into these equations, as com-
pared to the case with only freezing.

The tendency to maximal disorder or maximal entropy can be con-
sidered as the driving force behind the leakage of solutes/molecules
from cells, subjected to freezing/freeze-drying. The magnitude of this
driving force can be expressed in the dissipation function ® described
by Rayleigh [22].:

N
@ = X flow x driving force
i=1

In this dissipation function several distinct terms can be present. For
instance, when considering a (temporary) temperature gradient and an
osmotic pressure gradient over the cell membrane during freezing as
well as a (temporary) hydrostatic pressure gradient during sublimation
under vacuum, the dissipation function ® would be given as:

D = Ju ® AT + Jvol ® AP + Jdifr ® Am

in which:
Ju = heat flow; AT = temperature gradient; Jyol = volume flow; AP = hy-
drostatic pressure gradient; Jdiff = diffusion flow; A = osmotic gradient.

From this equation, it is seen that the dissipation function is built up
from three terms, i.e. the three gradients (=driving forces) multiplied by
their own (=conjugate) flow.

According to Onsager, each flow isin principle determined by all gra-
dients (driving forces), operating upon the cell. Thus, for processes
which occur sufficiently slowly, the flowis linearly related to all gradients.
Consequently, a coupling may exist between a gradient of one type and
a flow of another type. On the basis of the equation given above, the fol-
lowing expressions can be deduced, describing the leakage/flow of cel-
lular water of dissolved compounds.

For convenience, it has been assumed in this example that AT=0:

Jwor=L11® AP + Lig2® Ant
Jaier=Lo1 © AP + Log ® Ant

in which:
L11 =filtration coefficient; L12 = osmotic flow coefficient; Lgg = diffusion
coefficient; Lo1 = ultrafiltration coefficient.
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Figure 19. The conductivity (mS) of the liposome dispersion as a function of tem-
perature is an aqueous solution containing 10% (v/v) glycerol, 10% (m/v) man-
nitol, 100 mmol/1 sodium chloride and 10 mmol/1 Tris, pH 7.4 [6].
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Figure 20. The influence of freezing temperature on CF retention (%) after a
freezing/thawing cycle with (d) and without () a cryoprotectantmixture
(10% glycerol, 10% mannitol). The positions of Te (eutectic temperature) are
indicated. Freezing time, 20 min; freezing rate7°C min™ [6].
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The coefficients Li1 and Lgg are the so-called “straight” coefficients;
these give the relations between the flow and its own conjugate gradient
(force).

The coefficients L12 and Lo1 are the so-called “cross” coefficients;
these give the relation between the flow and a non-conjugate gradient
(force). If these coefficients are equal to zero, then there is no relation
between a gradient of one type and a flow of another type.

If L2120, the hydrostatic pressure gradient yields not only a volume
flow, but alsoyields a diffusion flow across the cell membrane. The mag-
nitude of the coefficients (ml/dyne. sec. cm 2) depends upon the type of
cell membrane.

To summarize, it follows from this approach in the irreversible
thermodynamics that many changes accomplished with a cell can result
in diffusion/leakage of a compound from the cell, because the “cross”
coefficients are not equal to zero.

Liposomes as synthetic cells

Liposomes can be considered as synthetic cells, consisting of a phospho-
lipid bilayer, and mimic peripheral blood cells in different ways. Lipo-
somes and phospholipid systems have been extensively studied in
cryopreservation studies, i.e. freezing / thawing and freeze-drying / re-
hydration [23-41]. Advantages of liposomes as a model system are: easy
availability, uniformity of cell size, own choice of lipid composition and
contents simplicity. The integrity of liposomes after freeze-drying de-
pends upon freezing temperature, freezing rate, freezing time, the
presence of cryoprotectants and the eutectic temperature, among other
factors. During development of a freeze-drying cycle for liposomes,
attention should be given to minimize size distribution changes, leakage
and deterioration of cellular compounds as well as lipid degradation.
Liposome integrity can be preserved in the presence of properly selected
cryoprotectants with respect to stability against aggregation, fusion and
membrane damage due to intra liposomal ice crystal formation, osmotic

Table 2. Eutectic temperatures (Te) calculated from conductivity measurements.
Liposomes: PC-H/DCP (10/1), MLV; pH 7.4 [6].

Te (°C)
Liposome dispersion (100 mM NaCl, 10 mM Tris) -33
Internal phase liposome (50 mM CF, 10 mM Tris) -37
External phase (100 mM NaCl, 10 mM Tris) -29
Liposome dispersion (100 mM NaCl, 10 mM Tris
10% glycerol — 10% mannitol) -48

Liposome dispersion (100 mM NaCl, 10 mM Tris
10% glycerol — 10% lactose) -48
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dehydration and/or high ionic strength. Leakage of lipophilic, bilayer
associated molecules is low on rehydration of the freeze-dried product,
whereas leakage can be substantial for hydrophilic, non-bilayer inter-
acting molecules.

Recently, it was hypothesized that the eutectic temperature plays an
important role in the cryopreservation of liposomes [6]. In Figure 19 an
example of a conductivity curve recorded on a liposome dispersion is
given. In this case, the eutectic temperature was determined by measur-
ing the intersection of the tangents to the curve in the low conductiv-
ity region as indicated in Figure 19. The eutectic temperature thus
calculated is given in Table 2, together with those of a number of
aqueous solutions and dispersions. In Figure 20 the leakage of carboxy-
fluorescein (CF), a hydrophilic non-bilayer interacting compound, from
liposomes is given as a function of freezing temperature after a freezing/
thawing cycle with and without 10% glycerol/10% mannitol as the
cryoprotectant mixture. Leakage has been expressed as % CF retention
within the cells. Below —25°C, this cryoprotectant mixture reduced leak-
age as compared to the case without cryoprotectants. Note also the
influence of Te indicated in this figure [6].

In their study on liposome-carbohydrate interactions Crowe et al.
compared various carbohydrates (maltose, trehalose, sucrose and lac-
tose a.0.) in their ability to prevent leakage of isocitrate as the intra-
liosomal compound during freeze-drying [42]. They found, that the
mass ratio of carbohydrate:lipid rather than the molarity of the solution
is an important parameter for prevention of lipid mixing and leakage.
Especially, trehalose, a non-reducing disaccharide, is promising in this
respect: retention of isocitrate as the marker compound was near 100%
in freeze-dried liposome/trehalose preparations.

Cryopreservation of proteins by freeze-drying

Proteins compose a class of biopolymers, to which the interrelationships
between freeze-drying parameters/variables as given in Figure 1 also cer-
tainly apply. Many parameters/variables exert effects upon each other.
Often, during freeze-drying of protein solutions no nucleation of solute
occurs: this results in freeze-dried proteins with an amorphous structure,
associated with potential problems with hygroscopicity, with activity loss,
with reconstitution/solubility/opalescence and with collapse.

With collapse is meant the physical collapse of the freeze-dried cake.
In this respect, a so-called critical collapse temperature may be defined,
above which morphological changes easily occur. Exceeding this tem-
perature by only 2-3°C can be enough to cause a strong reduction of the
rate of rehydration after reconstitution (poor solubility). It is important
to have knowledge of the collapse temperature in an early stage of pro-
duct development. Collapse does not have to occur within all vials of a
batch. Thus, collapse may be one explanation for the fact, thatin a large
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batch of vials e.g. 95% of the vials is successfully freeze-dried and 5%
is not. A second explanation for the same situation (5% of the vials not
successfully freeze-dried) can be the absence of nucleation of one or
more of the solutes.
Loss of biological activity of a protein upon freeze-drying can result
from several causes:
— evaporation of the active substance due to the absence of a proper
binder
— overdrying by removing thermodynamically important water mole-
cules from the protein (during desorption drying)
— partial melting during freeze-drying
— morphological changes of the cake, resulting in denaturation

Sometimes surface films, which in principle may vary in thickness, are
seen after freeze-drying of proteins. Prefreezing by extraction of heat
only via the bottom shelf is an important factor, which causes the gener-
ation of surface films. This problem can be anticipated by prefreezing,
while air is gently blown through the chamber; this results in heat remo-
val, which is more uniform in all directions.

As mentioned previously in this paper, often an optimum moisture
content exists in freeze-dried protein preparations. It is finally noted
here, that moisture contents should be envisaged in several ways:

— optimum moisture content/mg of protein

— uniformity of moisture throughout all vials of a batch

— uniformity of moisture within a single vial (the upper part of a vial can
be in secondary drying, whereas the bottom partis still in sublimation)

Conclusions

From the foregoing discussion it is concluded, that—in order to guaran-

tee reproducible and reliable cryopreservation — it is indispensable to:

— recognize the physico-chemical and technical parameters, which affect
the quality/activity of freeze-dried cells and constituents

- have knowledge of the quantitative interrelationships between these
parameters
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FREEZING VERSUS VITRIFICATION; BASIC
PRINCIPLES

D.E. Pegg, M.P. Diaper

The discovery by C. Polge, U.A. Smith and A.S. Parkes in 1948, that glyce-
rol would enable fowl spermatozoa to survive freezing to =70°C [1], in-
itiated a phase of dramatic development in the application of what
subsequently came to be called “cryobiology”. It is interesting to note, in
the context of this paper, that the title of the paper describing that fun-
damental observation was “Revival of spermatozoa after vitrification and
dehydration atlow temperatures”; as we shall see, these experiments did
not produce vitrification in the sense that is now meant — in fact, that
method would now be termed the “classical freezing” approach. In this
paper we shall consider the mechanisms by which the classical freezing
method and vitrification seek to preserve the viability of cells, tissues and
organs.

The success of classical freezing methods depends upon the addition
of a cryoprotective compound such as glycerol, and the empirical optimi-
zation of a number of variables that have been shown, experimentally,
to affect survival: these include the nature and concentration of the
cryoprotectant and the temperature at which it is added, the rates of
cooling and warming, the storage temperature and the temperature and
rate at which the cyroprotectant is removed. Although this approach is
entirely empirical it has been strikingly successful and effective methods
were soon developed for awide range of cells, including the spermatozoa
of several species, erythrocytes, lymphocyte and haemopoietic cells,
various endocrine cells and many strains of tissue culture cell: these early
successes are well documented in A.U. Smith’s 1961 monograph “Bio-
logical effects of freezing and supercooling” [2]. These practical
successes stimulated a considerable volume of more fundamental work
that has uncovered a number of the mechanisms that are involve — the
fundamental importance of the total quantity of ice that is formed, the
location of the ice crystals in relation to the cells, the toxicity of cryopro-
tectants and the temperature dependence of that toxicity, and the mag-
nitude of osmotically-induced changes in volume. These factors will now
be considered in more detail.
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Figure 1. Panel (a) shows the equilibrium freezing point (liquidus) curve for the
binary system NaCl/water.

Panel (b) plots the proportion of water that is converted to ice when four solu-
tions of NaCl in water are progressively frozen: 0.6X signifies 0.6 times the iso-
tonic concentration; 1x signifies the isotonic concentration which is taken to be
0.95/100g; 2x and 4x indicate solutions that are hypertonic by those factors.
Panel (c) plots the factor by which the concentration of NaCl increases as a con-
sequence of freezing the same solutions that are shown in panel (b).
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The role of ice

When a dilute aqueous solution is frozen, the ice that forms is essentially
pure crystalline water; it has negligible ability to dissolve solutes. Solutes
are therefore rejected and concentrate in the dwindling volume of un-
frozen liquid, depressing the chemical potential of water and achieving
equilibrium with ice at each temperature. Thus the familiar freezing-
point depression curve of an aqueous solution (that for NaCl/water is
shown in Figure 1a) describes the dependence of solution composition
upon temperature. Note that, in the presence of ice and at equilibrium,
composition is determined solely by temperature and is therefore inde-
pendent of initial composition; however, initial composition does con-
trol the amount of ice that forms and the factor by which the
concentration increases at a given temperature; this is illustrated for
NaCl/water in Figures 1b and lc. It will immediately be apparent that
the increase in concentration of NaCl that occurs during the freezing of
isotonic saline is enormous, actually 25-fold at —21°C. The situation is
more complex in living biological systems but since the fundamental
physical chemistry has to be the same, we can, as a first approximation,
treat cells as microscopic semipermeable bags of isotonic saline im-
mersed in isotonic saline. The question then arises: Is it the ice, the elev-
ated salt concentration or both that damage cells during progressive
freezing? A rather definite answer was given by Lovelock in a series of
classical papers published in the early 1950s [3-6]. Lovelock showed that
the extent of haemolysis observed in human erythrocytes that were
frozen to various temperatures in solutions of sodium chloride could be
accounted for quantitatively by the effect of the salt concentration pro-
duced by freezing to each temperature. A duplication of that experiment
in our laboratory is illustrated in Figure 2, and does indeed show an im-
pressive correspondence between the effect of the two treatments. To be
rigorous however, it should be noted that an experiment of this sort can-
not prove causation, although the correlation may, as in this case, con-
vince many workers. Lovelock went on to explain the cryoprotective
action of glycerol, and other highly-soluble, non-toxic, penetrating so-
lutes by their ability to moderate the increase in salt concentration that
occurs during freezing; this is demonstrated for the system NaCl/glyce-
rol/water in Figure 3. This explanation of cryoprotection tended to re-
inforce acceptance of the “salt damage” theory of freezing injury, but as
Mazur has pointed out [7], there is a fixed relationship between salt con-
centration and the amount of ice formed at any given subzero tempera-
ture when solutions of a given cryoprotectant in isotonic saline are
frozen: since cryoprotectants actually moderate the rise in salt concen-
tration by reducing the amount of ice, the existence of the phenomenon
of cryoprotection does not support either the salt- or the ice-damage the-
ory! We have argued that it would indeed be surprising if the correspond-
ence between the effect of salt concentration and that of freezing were
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Figure 2. Experimental results when human erythrocytes were frozen to the indi-
cated temperatures and then thawed (A) compared with exposure to equivalent
salt concentrations and return to isotonic conditions (@).

(Reproduced by permission of the Society for Experimental Biology.)

merely coincidental, and when we found that the addition of glycerol
had the same influence on the effect of exposure to high concentrations
of'salt as it did on the effect of salt-concentration by freezing [8], we con-
sidered it highly probable that the salt-damage theory was valid. Mazur
however has provided extensive experimental evidence that ice may in-
deed have a direct damaging action [7,9,10,11]. This was done by freez-
ing erythrocytes in solutions of glycerol and sodium chloride in which
the initial concentration of salt varied between 0.6X and 4.0X isotonic, which
made it possible to separate, to a considerable extent, the increase in salt
concentration from the quantity of ice that formed. Mazur found a
stronger correlation between severe damage and the amount of ice
rather than the salt concentration.

One problem with this sort of experiment is that the means used to
separate the variables (different initial tonicities) also affects the cells:
cells destined to be subjected to low “unfrozen fractions” entered the
experiment in a swollen state, and we have suggested that such cells may
behave differently from normal cells [12]. In fact, we were able, with
erythrocytes suspended in solutions of NaCl/glycerol/water, to demon-
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strate remarkably similar responses to freezing and thawing as to expo-
sure to equivalent concentrations of solute and redilution [8]. When
similar experiments were carried out in the absenceof glycerol, the corre-
spondence between the effects of freezing and solution-exposure was
good for cells in isotonic and 2X isotonic saline, but freezing was substan-
tially more damaging than solution-exposure when the cells were sus-
pended in 0.6x or 4x saline [13]. The mechanism of this effectis unclear,
but it is consistent with the proposition that cells suspended in a range
of tonicities of saline do not behave as a uniform population. At this stage
we remain unconvinced that ice has any direct role in freezing injury to
erythrocytes, but we do not exclude that possibility.

In the foregoing discussion we have modelled cells as microscopic
semipermeable bags of saline, that is, the system is compartmentalized:
itis important therefore to consider whether ice forms inside or outside
the cells or both. Freezing is a nucleation-induced event, and the prob-
ability of nucleation increases directly with the degree of supercooling
and with the volume. Thus, as our compartmentalized model cools
below the equilibrium freezing point of the saline, it is inevitable that a
nucleation event will occur in the single, large extracellular compart-
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Figure 3. The effect of the concentration of glycerol (g/100g as indicated against
each curve) on the proportional increase in solute concentration during pro-
gressive freezing. Each solution contained 0.95g/100g NaCl, so the ordinate in-
dicates the factor by which the tonicity of salt in the solution increased at each
temperature.
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ment before very many of the cells have nucleated: once that has
happened, further cooling will result in growth of that extracellular ice,
concentration of the extracellular solution and dehydration of the cells
by osmosis through their semipermeable membranes. Thus, providing
the cooling rate is sufficiently low and the water permeability of the cells
sufficiently high the intracellular spaces will remain free of ice. This fun-
damental phenomenon was first studied by Mazur [14] who provided a
quantitative analysis of the effect of cooling rate on water transport
during progressive cooling, and correlated the predicted extent of intra-
cellular supercooling with the known effect of cooling rate on cell survi-
val: the greater the degree of supercooling the greater the probability of
freezing. It was shown that cooling rates that produced significant super-
cooling with each cell also caused the survival to fall. The phenomenon
is best illustrated by the data of Figure 4, compiled by Leibo [15] which
shows, for three types of cell with differing water permeabilities, an
inverse correlation between intracellular freezing and survival. Thus we
conclude that extracellular ice is probably innocuous to cells in suspen-
sion, whereas intracellular ice is generally lethal.

This discussion has dealt with a grossly simplified model of cells in sus-
pension and the simplest of all mammalian cells (the erythrocyte),
together with a few examples of more typical mammalian cells in suspen-
sion. But many of us would like to be able to cryopreserve more complex
systems — multicellular, organized tissues and organs. Several factors
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conspire to make this a vastly more difficult task — the fact that tissues
consist of many types of cell that may differ in their requirements for
optimal preservation, the restriction of rates of cooling and heating that
the given dimensions of the tissue or organ imposes, and above all, the
fact that the function of an organ or tissue depends upon the inter-
relations between the cells — their connections, the preservation of an
adequate 3-dimensional arrangement and the integrity of non-living
intercellular structures such as basement membranes, glycosamino-
glycans and collgen fibres. The point to be emphasized is that ice form-
ing outside the cells may nevertheless be within the system we wish to
preserve and may therefore produce lethal injury. In recent discussions
of freezing injury in tissues and organs, we have concluded that damage
due to extracellular ice is the single most serious obstacle to the exten-
sion of cryopreservation techniques to multicellular systems [16,17]. In
the case of vascularized tissues, and particularly of organs, we have
obtained both experimental and theoretical evidence for the crucial role
of intravascular freezing: rabbit kidneys, frozen after equilibration with
2M glycerol, were found to have ruptured glomerular capillaries [18];
mathematical modelling of the process of freezing in a Krogh cylinder
model of vascularized tissue showed that the capillaries would have to
expand 8-fold to accommodate the required volume of ice — far beyond
their elastic limit [19].

We conclude that ice is exceedingly damaging, by a number of mech-
anisms, to tissues, even in the presence of concentrations of cryoprotec-
tant that would ordinarily (that is, with a typical cell suspension) be
expected to provide a high degree of protection. The route to effective
cryopreservation of such systems would therefore seem to be via ice-free
cooling, or vitrification. The term “vitrification” must now be defined ex-
plicitly for aqueous systems: it is the conversion of the system from a fluid
to a solid solely by an increase in viscosity, without a phase-change, with-
out any crystallisation of water, and therefore in the complete absence
of ice. It will be the principal purpose of the remainder of this paper to
explore means of attaining this state in viable systems, but first we shall
consider the two other factors mentioned in the introduction, chemical
toxicity and osmotic damage: these are important in conventional
freeze-preservation, but they acquire an added importance in vitrifica-
tion because the concentrations of added solute are much greater.

Toxicity of cyroprotectants

Cryoprotectants are of necessity tolerate din high concentrations; glyce-
rol is, in this sense, far less harmful than NaCl, but at a sufficiently high
concentration any compound will be “toxic”. This has two important
consequences: the highest concentration that the tissue will tolerate prior
to preservation is limited; and during freezing, the concentration in-
creases as ice separates. In vitrification, as opposed to freezing, a much
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higher initial concentration is needed but no further concentration
occurs during cooling since freezing does not occur. In both techniques
one seeks the highest tolerable concentration, in freezing to reduce the
salt concentration, and in vitrification actually to achieve the vitreous
state. In practice it is found that the maximum concentration that can
be achieved without impairment of viability is dependent on the
temperature and rate of addition and removal; temperature-depend-
ence is due partly to osmotic effects (damage is increasing by reduction
in temperature) and partly to chemical toxicity (damage is reduced by
reduction in temperature). Osmotic effects will be discussed later.
Cryoprotectants are frequently added at reduced temperature in order
to take advantage of the positive temperature coefficient of chemical
toxicity, usually at 0-4°C rather than at room temperature, but this factor
has assumed a far greater importance in attempts at vitrification. Thus,
for the vitrification of mouse embryos, Rall and Fahy used a 2-stage
incubation with their cryoprotectant mixture, first at 20°C with one
quarter of the final concentration and then at 4°C with the final concen-
tration [20]. Much earlier than this, Elford and Walter [21] increased
the concentration of dimethylsulphoxide in smooth muscle to a final
level of 50% w/v by a series of step increases at 37°C (to 20%), -7°C
(to 30%), -14°C (to 40%), -22°C (to 50%), —-39°C (to 60%) and the
muscles were then cooled to —79°C. Reversal of this process during warm-
ing permitted full recovery of contractile function, and no ice was
formed at —=79°C. Thus, in this sytem, a very high concentration of
cryoprotectant was tolerated when the temperature, and rate of addition
and removal were appropriately optimized. Empirical experiments in
our laboratory have shown that rabbit kidneys will tolerate up to 4M
glycerol [22], while rabbit corneas would recover after exposure to
4.25M dimethylsulphoxide [23]. Unfortunately, the concentrations of
cryoprotectant needed to vitrify aqueous systems are generally in excess
of 5.5M, which is usually beyond achievement. With some cryo-
protectants, even during conventional freezing methods of cryopreser-
vation, it seems that toxic levels are reached: this was first pointed out by
Lovelock in his study of the cryopreservation of erythrocytes with meth-
anol, when it was observed that irrespective of the initial methanol con-
centration, recovery fell to negligible levels when the temperature was
reduced below -55°C. With some systems a similar, if less severe
phenomenon occurs with propan-1,2-diol (propylene glycol); for
example with human platelets [24] and rabbit kidneys [25], but other
systems, that include rabbit cornea [26] and human embryos [27], seem
to tolerate this cryoprotectant more readily. It seems very likely that all
cryoprotectants, at the concentrations used in practice, produce some
damage — certainly this is true of glycerol and human erythrocytes [8] —
but where the additive is effective this toxic action is clearly less than the
cryoprotective effect. The crucial points are that there always is a toxic
limit to the concentration of cryoprotectant that can be used, and that
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the apparent toxic limit is strongly influenced by the conditions under
which the cryoprotectant is added and removed.

Osmotic effects of cryoprotectants

The most effective cryoprotectants penetrate cell membranes, but they
do so more slowly than water, which means that some osmotic imbalance
is inevitable during the addition or removal of these compounds. Gross
osmotic shock results in cell damage, ultimately in lysis, and it is there-
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Figure 5. Calculated changes in cell volume and intracellular glycerol concentration
during the addition of glycerol to platelets.

(a) Addition of 1M glycerol as a single step. (b) Addition of glycerol in three steps:
0.25M, 0.6M, and 1.00M. (c) Intracellular glycerol concentration in procedure (b).
(Reproduced with the permission of Academic Press.)
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Figure 6. Calculated changes in platelet volume during removal of 1M glycerol.
(a) Dilution to zero glycerol concentration in a single step. (b) Dilution to zero
glycerol concentration in 6 steps using an isotonic diluent (0.7, 0.5, 0.31, 0.17,
0.05, and 0.00M). (c) Dilution to zero glycerol concentration using an initial
dilution with a hypertonic solution followed by a dilution step with water to re-
store isotonicity and finally two isotonic dilution steps. Note that method (c) re-
quires fewer steps and is completed more speedily. (Reproduced with the
permission of Academic Press.)

fore both logical and of proven efficacy to control changes in cell volume
so that acceptable limits are not transgressed. An important step in de-
signing cryopreservation methods is therefore to measure the volume-
response to changes in external osmolality of a nonpermeating solute
and to correlate each volume with subsequent structure and function.
The next step is to measure, or failing that the estimate, the water and
solute permeability and the solute reflection coefficient for the chosen
cryoprotectant. Two stratagems for controlling volume during the addi-
tion and removal of penetrating solutes are available: the first is to use
low rates of change in concentration or, what amounts to the same thing,
change the concentration in several small steps; the other approach,
which is applicable only to the removal phase (which is the more
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dangerous phase), is to incorporate solutes into the solution that do not
penetrate the cells and therefore function as “osmotic buffers” by re-
stricting the inflow of water as the external concentration of cryoprotec-
tant is reduced. These highly effective procedures are illustrated for the
addition and removal of glycerol with human platelets in Figures 5 and
6. Such processes are even more important when concentrations of
penetrating agents sufficient to achieve vitrification are used.

Vitrification of cells, tissues and organs

Vitrification occurs when the viscosity of the solution reaches a sufficient
value (arbitrarily set at 10145 poises) and crystallization of ice is
inhibited. Since the concentration of solute in the reamining liquid
phase increases during progressive freezing, a temperature will event-
ually be reached with many systems at which that residual liquid vitrifies
in the presence of ice. It has already been pointed out that, under the cool-
ing conditions that are usually used, ice does not form inside the cells,
and particularly since intracellular protein promotes vitrification, it is
actually the case that the cells in conventionally-frozen material are vitri-
fied: Polge, Smith and Parkes were not, after all, in error in the title of
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Figure 7. A supplemented phase diagram for glycerol/water. The intersection of
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mum concentration of glycerol that will vitrify irrespective of cooling rate.
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their paper [1], although the presence of extracellular ice would render
the term “vitrification” inappropriate in today’s usage. Had it been
possible to reach the concentration of glycerol required to vitrify (Tg" -
see Figure 7) before cooling was initiated, true vitrification of the whole
system would have occurred, but this would require c.80g% —far beyond
the toxic limit at °C. There are, however more favourable solutes than
glycerol, perhaps the most encouraging recent additions to the list being
propan-1,2-diol and butan-2,3-diol [28] which will probably vitrify at a
concentration of 50-55%.

This approach may be termed the “equilbrium approach” to vitrifica-
tion: the system will vitrify no matter how slowly it is cooled. There is,
however, another approach that is best illustrated by Figure 8: the first
stage in the process of freezing is nucleation, and nucleation has an un-
usual temperature-dependence in that it becomes more active rather
than less active with reduction of temperature, until it is limited by vis-
cosity. However, the growth of ice crystals has a more usual temperature
dependence — it is slowed and eventually arrested by cooling. The inter-
esting pointis the manner in which these two processes interact: the rate
of ice crystal growth in the solution illustrated in Figure 8 has reached
low values before the temperature zone for active nucleation is entered.
Consequently three possibilities exist: if cooled sufficiently rapidly the
sample may escape both nucleation and ice crystal growth; if cooling is
more rapid the sample may be nucleated but without ice crystals; or,
with slower cooling, the sample may nucleate and ice then form. In fact,
it is not quite correct to superimpose cooling trajectories on the data of
Figure 8 because that data was obtained under isothermal conditions
[29], and this actually helps us —when such data is corrected for conditions
of continuous cooling the permissible cooling rates are made slower.
Data for propan-1,2-diol are shown in Figure 9 [29].

The data of Figure 8 carries another message for woud-be non equili-
brium vitrifiers, and this concerns warming: as the temperature is raised
the sample traverses the nucleation zone first and then the zone of ice-
growth, so the stage is set for freezing to occur during warming even if
it was avoided during cooling. The obvious remedy for this situation is
ultra-rapid heating, and irradiation with microwaves is the obvious tech-
nique to use because of its potential for depositing energry uniformly as
well as rapidly even in bulky samples. Considerable effort is now being
devoted to the definition of the problem of microwave heating of appro-
priate systems from very low temperatures [30] and to its solution. Other
manoeuvres that may help include the addition of materials that retard
the growth of’ice crystals, such as the so-called “antifreeze” glycoproteins
found in some fishes and insects [ 31], and the use of extremely high hydro-
static pressures to depress both the freezing and the nucleation tempera-
ture [32].
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Conclusions

Much remains to be discovered concerning solutes that will permit vitri-
fication at realisable rates of cooling, yet will also be compatible with via-
bility. When this has been done it will be possible to study critical systems
in the vitreous state: it should not be overlooked that no system that is
succeptible to damage by extracellular ice has yet been successfully vitri-
fied, and all those systems that have been preserved by vitrification (early
embryos, monocytes, pancreatic islets [see 33]) can equally well be
preserved by conventional freeze-preservation methods. The problems
of vitrifying organized systems remain formidable, but it is towards vitri-
fication that the signposts for preservation of these refractory systems
clearly point.
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ICE NUCLEATION AND GROWTH IN VITRIFIABLE
SOLUTIONS

R.J. Williams, P.Mehl, D.L. Carnahan

An important recent trend in cryobiological practice is the revitalization
of Luyet’s idea, over half a century old, that since ice crystallization may
be lethal, the glassy or vitreous state is the only state compatible with
cryopreservation [1]. Most living things require a liquid state in which
certain physiological conditions are met. A glass is a special kind of lig-
uid, one whose viscosity is so high that its fluidity is not apparent. Since
chemical processes require movement of molecules, they will occur at
much lower rates in a glass than in ordinary liquids. Luyet’s original con-
cept, then, was that life could be immobilized and preserved in a living
state by changing the time scale on which metabolic and other biological
processes occurred: by modifying the relaxation time constants of its liquids
rather than altering its physical state. Luyet’s original procedure, designed
to exploit the time-expanding potential of both vitrification and low tem-
peratures, was quench cooling to below the temperature at which the
specimen’s liquids become noncrystalline solids, the glass transition
temperature. It was also mostly unsuccessful [2]. The new practitioners
approach vitrification quite differently, depending upon better cryopro-
tectant formulations which allow more latitude in freezing and thawing
rates, but the central difficulty persists: cells and tissues may survive in the
liquid state at ambient temperatures, or in the vitreous state at very low
temperatures, but must pass through a range of temperatures at which
potentially damaging crystallization can occur going from one to the other.
Retrieval requires a second passage, often the more hazardous one.

It has been acknowledged for many years that a large proportion of
freezing injury may occur during warming rather than during cooling
[3]. If the temperatures had been very low, in many cases this has been
demonstrated to be the result of ice formation during warming in solu-
tions which had vitrified and not fully frozen during cooling [4]. This de-
composition of a supersaturated solution above its glass transition
temperature into its crystallizable components, called “devitrification”,
is not unexpected, because solutions which vitrify are quite cold and con-
centrated. It has been assumed that ice nuclei do form during cooling
but find themselves in an environment too viscous to permit detectable
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growth. These nuclei would then be preserved in the glass formed at low
temperature but would resume growth in the glassy melt when the solu-
tion becomes warm and fluid enough. When one cools a small sample
of a dilute solution, it normally drops several degrees below its freezing
point before it suddenly and thoroughly freezes. This is the inevitable re-
sult of the catalysis of ice by some foreign (heterogeneous) substance.
Such nuclei form ubiquitously in materials not specially handled to ex-
clude them. Though there may be many such heterogeneous nuclei in
the sample, only the most efficient are seen [5]. This pattern changes in
sufficiently concentrated soultions. Solutes which depress the melting
point of a solution also depress the temperature at which nuclei become
active. As a nucleus accretes ice, the solution around it concentrates and
ice growth is impeded by an increasing viscosity. Ultimately, a concen-
tration is reached at which the amount of ice formed is unmeasurable
by standard methods.

In the absence of heterogeneous nuclei, pure water supercools about
40°C when homogeneous nucleation, ice formation by random fluctua-
tions in water alone without catalysis from foreign materials, occurs. In
their classic differential thermal analysis experiments on aqueous solu-
tions of a number of solutes, Rasmussen and MacKenzie [6] systemati-
cally studied homogeneous nucleation and measured its suppression by
solute concentration. They were able to separate homogeneous nuclea-
tion by dispersing their aqueous sample in hydrocarbon emulsions.
Since their emulsions contained millions of isolated droplets, heteroge-
neous nuclei were confined to a small fraction [7]. Such nuclei did not
interfere with the obsrvation of homogeneous nucleation in droplets not
containing heterogeneous nuclei. Most importantly for cryobiology,
there is a concentration limit above which ice forms during warming but
not during cooling. For sucrose, this concentration is 62%. Recently,
Charoenrein and Reid [8] examined emulsified samples sucrose solu-
tions up to 50% containing large numbers of heterogeneous nuclei in a
scanning calorimeter. Their ice nucleating agents (INA’s) were Pseudo-
monas spp. bacteria, the most efficient heterogeneous nuclei then
known. Their data demonstrate that homogeneous nucleation is also
suppressed by solutes, though only by about two-thirds as much as
homogeneous nucleation.

The experiments we report investigate the devitrification of sucrose
solutions between 62% (w/w), above which no water freezes during cool-
ing, and 80%, above which there is no freezeable water. Our data indi-
cate that ice nucleated either heterogeneously or homogeneously in
these solutions too concentrated to freeze during cooling is nonetheless
directly relatable to the nucleation and ice growth during cooling stu-
died at lower concentrations by Charoenrein and Reid. In addition, we
report a third source of nucleation which can occur only below the glass
transition, nucleation at interfaces, and especially those formed by frac-
turing. We will describe factors influencing the growth of ice after it has
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been nucleated. Finally, we will describe procedures for minimizing ice
damage in cryopreserved specimens.

Methods and materials

Two instruments were used in the experiments reported in this paper.
The first was a differential scanning calorimeter (Perkin-Elmer DSC4,
Norwalk, CT USA) which we have adapted to operate reliably at low tem-
peratures [9]. Samples varied from 3 to 25 mg and were sealed into
sample pans originally designed for robotics use (BO14-3003/-3015 or
BO143-004/-021) which offer over ten times the sensitivity of standard
pans. For scanning experiments, the TADS computer program was used,
and all experiments were performed at 20°C/min. This is a compromise
which allows sensitivity in the display of glass transitions without seriously
distorting the temperatures at which they are observed. For isothermal
measurements, the DSCI program was used. Samples were cooled to
-100°C at 20°C/min, warmed to the temperature desired at 40°C/min
where itwas held until crystallization was essentially complete. To correct
for instrumental systematic error, the sample was kept at the “limiting”
glass transition temperature to complete crystallization, cooled, scanned
again in an identical manner and the difference between the two files re-
corded and analyzed.

The second instrument was a cryomicroscope, assembled from an in-
teropherometric microscope with long working distance objectives
(Zeiss INTERPHAKO, Jena, DDR) and a temperature-programmable
stage capable of being cooled below —150°C (Linkam THM-600, Surrey,
UK). The microscopic objective lens most used was a 16/0.2 planapo-
chromat. The size of the sample placed between two 16 mm round cover-
slips on the cooling stage varied from 5 to 15 pl. For routine
cryomicroscopy and photomicrography, the temperature was increased
or decreased at either 10°C or 20°C/min and stopped arbitrarily. Solu-
tions were mixed by weight in scintillation vials and dissolved at 65°C or
if necessary 95°C. Concentrations were verified with an Abbe’ refrac-
tometer (Bausch and Lomb). Some solutions contained additionally up
to 5% of materials reported to possess unusual properties related to the
stability of biological glasses; viz., putrescine, spermidine, boric acid,
hexanoic (caproic) acid, and freeze-dried INA bacteria (Snomax Tech-
nologies, Rochester, NY, USA).

Results

Ice nucleation

Figure 1 shows thermograms of 65% sucrose solutions in which no hete-
rogeneous nuclei were present. Sealed samples were cooled to —40°C,
—-60°C, -80°C, etc. Scanning thermograms were made of the warming
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Figure 1.DSC thermograms of a 65% (w/w) sucrose solution from which hetero-
geneous nuclei have been excluded, cooled at 20°C/min to —40°C, -60°C, -80°C,
etc. and rewarmed. Except for the startup artefact, and the glass transition in
samples cooled below —80°C, there is no evidence for thermal activity in this
sample. The sample had been covered with 2-methyl butane to prevent airborne
nuclei from migrating to its surface.
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Figure 2. DSC thermograms of a 62% sucrose solution containing INA’s (see
text). The sample was cooled at 20°C/min to —40°C, —41°C, —42°C, etc. and
rewarmed. The sample warmed from —40°C shows no events other than the
startup artefact; all samples warmed from lower temperatures show an endo-
therm at about ~15°C, indicative of melting. This is evidence that ice was nucle-
ated between —40°C and -41°C.
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process. The 4 pl of sucrose solution had been covered with 6 pl of
2-methyl butane (isopentane). Samples cooled to —40°C and —60°C show
a starting transient (vertical rise) but after the calorimeter has equili-
brated, the thermogram is eventless. Thermograms made from samples
cooled to —80°C and below show in addition to this transient a sharp rise
in heat capacity beginning at about —76°C. This is the glass transition,
and corresponds well to values reported by MacKenzie and Rasmussen
[10]. Above the glass transition, no thermal events are seen. The view of
such a specimen in the cryomicroscope is of a clear window whose glass
transition is invisible in brightfield illumination and marginally discern-
able by interferometric methods. We interpret this as evidence that no
ice has developed in this specimen even after it had been cooled to
-140°C.

70% Sucrose
WT: 5 mg
Scan Rate: 20 deg/min
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o

-120 -100 -80 -60 -40 -20 0

Figure 3. DSC thermograms of a 70% sucrose solution cooled at 20°C/min to low
temperatures and rewarmed. Samples rewarmed from —40°C and —60°C show no
thermal events. Samples cooled to between -80°C and —-120°C show a small
thawing event, accounting for less than 1% of the freezeable water in the sample.
This form of nucleation occurred at or below the glass transition temperature.
Since this sample was not covered with 2-methyl butane, it probably resulted
from the migration of nuclei in the vapor space onto the surface of the sample.
In contrast, the sample cooled to —170°C showed a large endotherm in which
half of the freezeable water melted. For explanation, refer to Figure 5 and text.
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Figure 4. DSC. thermograms of a 68% sucrose solution containing 5% hexanoic
acid. During cooling (dashed curve) a small exotherm (freeze) is seen at above
-20°C, and a glass transition at about—70°C. During warming, a symmetrical glass
transition is seen, followed by an exotherm representing the freezing of water
during warming (devitrification). This is followed by two endothermic melts, in-
dicative of a liquid-liquid phase separation. See text and Figure 5 for additional
details.

The family of curves in Figure 2 show the effect of INA bacteria when
present in a sample of 62% sucrose. The warming from —40°C resembles
that in Figure 1. However, samples warmed from -41°C, -42°C, -43°C,
etc. do show a progressively increasing series of endotherms and at
-50°C, a pronounced exotherm followed by a large endotherm. These
represent ice formation during warming of the glassy melt, or devitrifi-
cation, followed immediately by the melting of this ice at the melting
point, below —-15°C. We interpret this as evidence that the INA’s had nu-
cleated ice between —40°C and —41°C.

When samples not covered with isopentane and without added INA’s
were cooled and heated in the DSC, the results seen in Figure 3 were ob-
tained. Warming from —40°C and -60°C produced eventless records.
Warming from —80°C to —-140°C produced in addition to the glass tran-
sition a small melting endotherm, indicating the freezing of less than
one percent of the freezeable water. This probably resulted from deposi-
tion of nuclei formed in the vapor space on the unprotected sample sur-
face. Cooling the sample to —170°C or below (solid line, top) produced
a melting endotherm representing half or more of the freezeable water
in the sample. This represented formation of nuclei well below the glass
transition temperature.
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Of the organic additives, only one, hexanoic acid, had any effect on
the thermograms. This material reduced the extent of devitrification, as
seen in Figure 4 (solid line), though there appeared to be a second
minor melt. Examination of the thermogram made during cooling
(dashed line) revealed that the ice not accounted for during warming
had formed during cooling.

The cryomicroscope allowed us to sort out the events reported by the
scanning calorimeter. The micrographs in Figure 5 reveal four patterns
of devitrification in sucrose solutions too concentrated to freeze during
cooling, patterns which are characteristic for each type of nucleation.
Figure 5a presents micrographs of homogeneous nucleation in a 62%
sucrose solution as it was warmed from —80°C. Beginning at about -55°C,
there is a gradual darkening and an increasing granularity throughout
the whole specimen. The sample became essentially opaque before it
began to melt at about —22°C.

Figure b shows the development of ice from heterogeneous nuclei
in a 65% sucrose solution. The first photograph shows a sample held at
—-80°C. The sample is a clear glassy window though some foreign inclu-
sions are visible. No ice formation is apparrent. In the second photo-
graph, taken above —-50°C, ice can be seen growing at several loci. These
crystals continue to develop until the temperature is raised to the melt-
ing point. If the sample is recycled, ice grows repeatedly at the same loci,
indicating the heterogenous nature of the nuclei formed. Depending
upon the temperature to which the sample was cooled, more or fewer
nuclei are recruited in replicate experiments, indicating a kinetic pro-
cess for this nucleation.

The photographs in Figure 5c were taken after thawing the sample in
Figure 5b. It was cooled to —80°C, quenched in liquid nitrogen and re-
placed in the microscope stage at —80°C. The quenching cracked the
sucrose glass [cf. 11] and the cracks provided a more efficient source of
nucleation than the heterogeneous nuclei, whose development is visible
in the third photograph in the uncracked portion of the sample.
Figure 5d illustrates nucleation and ice growth in a solution containing
56% sucrose and 5% hexanoic acid. This concentration exeeds the
solubility of hexanoic acid in the concentrated sugar solution, and an
emulsion of hexanoic acid-rich phase has formed in a sucrose-rich water
phase. In the first photograph, taken at about —37°C, numerous isolated
droplets of the hexanoic acid-rich phase can be seen. In the second
photograph, the temperature has been lowered below —43°C. Homo-
geneously nucleated ice has formed in the largest of the droplets,
indicating that these droplets contain little sugar. In the third photo-
graph, taken at about—45°C, ice has formed in many of the droplets and
is propagating into the sucrose-rich continuous phase. This process con-
tinued until all freezeable water had frozen.

Other experiments were performed to determine the limits of con-
centration that would permit heterogeneous or homogeneous nuclea-
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tion. A 74% sucrose solution containing INA would form ice if cooled to
—60°C or below. Without INA, it never froze unless cracked by quench-
ing. A 65% solution containing INA formed heterogeneous nuclei at
about —45%, but without INA did not freeze homogeneously. A 62%
solution seeded with INA bacteria showed an interesting behaviour.
Cooled to —40°C or below, it grew ice from heterogeneous nuclei. Cooled
to —80°C or below, it froze homogeneously, and this more evenly dis-
tributed ice formation precluded the development of the hetero-
geneous nuclei.

Ice growth

The rate at which an ice crystal grows during the devitrification process
is most conveniently studied at a constant temperature. A series of ther-
mograms showing devitrification in a 62% sucrose solution is shown in
Figure 6. The sample held at-77°C is eventless; samples held at progress-
ively higher temperatures show exotherms whose intensity increases and
whose time course shortens. To analyze the kinetics of crystallization, the
most traditional model is the Johnson-Avrami equation:

X =1-exp{-[K(T)t] o

where:

X = the fraction crystallized; K(T) = Ko exp(-E*/RT); T = temperature
(OK), t = time; E* = the activation energy; Ko = a constant dependent
upon the density of nuclei; and n = the Avrami constant.

The details have been reviewed by Christian [12]. It can be shown that
when one plots the time at which the maximum rate of crystallization
occurs as a function of 1000/T (Figure 7), one obtains a slope propor-
tional to E*. A plot of log[-log (1 — X) ] as a function of time of exposure,
t, (Figure 8) gives lines whose slopes are equal to the Avrami exponent.
By these methods, E* is found to be 120 k]/mol. The value of n is tem-

Figure 5.Cryomicrographs of devitrification in sucrose solutions.

A. Homogeneous nucleation. Sample has been cooled to -80°C and rewarmed.
Nuclei are uniformly present and ice recrystallizes into progressively larger crystals.
B. Heerogeneous nucleation. Sample cooled to -80°C and rewarmed. Ice grows
repeatably from the same loci.

C. Fracture nucleation. Sample in 5B cooled to —80°C, dipped into liquid ni-
trogen and reinserted in the cryomicroscope at—80°C before warming. Ice grows
aggressively from fracture interfaces, compared to isolated heterogeneous
nuclei, visible in the third micrograph.

D. Nueation in a two-phase system. The droplets of hexanoic acid-rich phase can
be seen at —=37°C. These have homogeneously nucleated at —42°C, and sub-
sequently spread into the surrounding sucrose-rich phase.
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Figure 6. “Isothermal” thermograms of 62% sucrose solutions illustrating the rate
of ice growth as a function of temperature. These thermograms have been cor-
rected for instrumental systematic error. Sample was cooled to -100°C at
20°C/min, rewarmed to the temperature stated for each thermogram and held
at this temperature. The rate and extent of the development of the exotherm
is indicative of the growth ofice. From such data, the parameters of the Johnson-
Avrami equation can be calculated.
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Figure 7. Plot for 62 wt% sucrose for the time in minutes, tmax, corresponding to
the occurrence of maximum crystrallization rate as a function of 1000/T, where
T is the temperature at which the isothermal crystallization is recorded by dif-
ferential calorimetry. Different samples are represented by different symbols.
The solid line is a least squares fit with a correlation coefficient of 0.935 and an
estimated E* of 120 kJ/mol.
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Figure 8. Johnson-Avrami plot of the isothermal log[-log (1-X)], where X is the
ice crystallization fraction, as a function of time of exposure at a series of tem-
peratures. The Avrami coefficient, n, is estimated as varying with temperature
between 0.6 and 1.54.

perature dependent, varying from 0.6 to 1.54. The critical warming rate,
the rate at which the sample must be warmed in order to eliminate
devitrification, is calculated to be 10C/sec.

Discussion

The Johnson-Avrami equation is exponential in time and doubly exponen-
tial in temperature. Interpreted literally, it implies that once ice nuclei
are present growth will proceed inexorably. This classical model has
already been applied to different cryoprotectant solutions [13,14]. The
values of the constants depend upon the nature of the solute, the
hydrogen bonds formed with water and the concentration. Their values
reflect considerable differences in the abilities of solutions to avoid crys-
tallization during cooling and warming. It can be seen from the results
thatsucrose would be an impracticable cryoprotectant on these grounds.
In contrast, a systematic investigation of the stability of aqueous solutions
of low molecular weight mono- or polyalcohols shows that devitrification
can be avoided in relatively concentrated solutions by using warming
rates of about 200°C/min [15,16].

The first alternative to restricting devitrification is to limit ice growth.
Fahy [17] has elected to use high warming rates in his experiments with
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Figure 9. The freezing point of a sucrose solution (either during cooling or by
devitrification during warming) as a function of its melting point. The presence
of heterogeneous nuclei (INA bacteria) greatly elevates the temperature at
which ice nuclei form, and greatly increases the concentration required to sup-
press nucleation. Nuclei cannot form by these mechanisms below the glass tran-
sition, though they may form during the fracturing process.

vitrification of kidneys. The principal obstacle that they have
encountered is reconciling the need for high concentrations with the
problems of toxicity.

The other alternative is to avoid or to reduce the occurrence of
nucleation. In Figure 9, we have mapped the conditions under which
nuclei can form. It extends the diagram presented by Charoenrein and
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Reid [8] to include our calorimetric data and has numerous implications
for cryobiology. The temperatures at which nuclei develop are presented
as a function of the equilibrium melting temperature. INA bacteria are
able to form ice at higher temperatures and concentrations than hetero-
geneous nuclei, and in both instances our results and the published data
agree well. Both heterogeneous and homogeneous nucleation end
abruptly at the glass transition, here redrawn from MacKenzie and
Rasmussen’s data [10]. Nucleation of ice at fracture faces can occur at
temperatures below the glass transition temperature when the material
has become brittle enough to fracture. This temperature is not as well
defined as the other limits, and is even more highly dependent upon
rates of cooling than are the other nucleation events [7].

All cryoprotectants in common use are highly soluble in if not actually
miscible with water. Nonetheless, the samples in Figures 4 and 5d of
sucrose solutions containing a second immiscible phase offer an im-
portant metaphor. The nuclei that formed ice in this dilute second phase
were homogeneous with respect to their own phase, but heterogeneous
from the perspective of the concentrated sugar-rich phase surrounding
them, a phase that they were quite efficient at devitrifying. Tissues
cryoprotected by a non-penetrating agent such as hydroxyethyl starch,
or even tissues not completely equilibrated with the nomically per-
meating cryoprotective agents such as dimethylsulphoxide or the
polyols, will contain linging cells which are in effect a second phase
nearly as dilute as the hexanoic acid-rich phase was in our experiments.
Due to this lower solute concentration, ice crystallization would occur
well above the glass transition temperature and disseminate ice
throughout the sample.

One can from the above begin to devise a rational method for ame-
liorating the damaging effects of devitrification. Rasmussen has pro-
posed [18] that homogeneous nucleation is a spinodal decomposition
and that its occurrence at equilibrium at some temperature is an inevi-
tability. He and MacKenzie long ago demonstrated that this temperature
is a function of freezing point depression and nearly independent of
chemical nature of the solutes [6]. Thus, the prevention of hetero-
geneous nuclei is not a factor which can be significantly manipulated in
the design of cryoprotective solutions. The obvious strategy from
Figure 9 is to increase solute concentration to the extent that homo-
geneous nucleation will not have occurred when the material vitrifies.
Again, sufficient concentrations, though lower than those required to
suppress heterogeneous nucleation, may be injurious.

The INA bacteria, which have been a boon to cryobiologists wishing
to restrict supercooling, are proving a distinct impediment to those wishing
to vitrify their material. Bacteria accidentally released into our laboratory
persist, becoming less and less efficient, with a half-life of two or more
weeks. Fortunately, they and other heterogeneous nuclei can also be effec-
tively removed by routine sterile techniques: steam autoclaving, 0.2 im
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filtration, sample preparation in a laminar flow hood and cleaning of the
sample pans with an alcohol-ammonia glass cleaner such as “Windex”.
There is little doubt that heterogeneous nucleation can be largely elimi-
nated as an impediment to long term storage by vitrification.

Of all the variables, the glass transition temperature is the most amen-
able to manipulation. A glass transition can be considered a bulk phe-
nomenon. Solutes vary widely in the extent to which the plasticizer,
water, depresses their glass transition temperatures [19] but with a
homologous series of compounds, the glass transition temperature rises
with the degree of polymerization. This is an important consideration
for the design of cryoprotective solutions because as the degree of poly-
merization rises, the melting point temperature depression per unitcon-
centration decreases, which in turn decreases the amount of osmotic
stress imposed per weight percent of solute. As an example, the glass
transition temperature and the concentration at which it was reached
proved to be the critical determinants of survival in human monocytes
cryoprotected with hydroxyethyl starch [20]. At 20% the hydroxyethyl
starch they used imposes a trivial osmotic stress on the cells. When
enough water has frozen out to form the “limiting” glass at —20°C, the
HES has been concentrated to 70%, restricting the osmotic stress to only
2.5 times isotonic. This is within the transient osmotic tolerance of these
cells and above the temperature at which intracellular nuclei form.

Fracturing in aqueous solutions is liable to occur when the sample is
cooled below the glass transition temperature. From the viewpoint of
cryobiology, it is preventable. Plasticizers may be of some benefit. The
traditional practice of immersing specimens in liquid nitrogen or its
vapor, producing rapid temperature excursions, exposes the sample to
the hazard of fracturing in a manner thatis difficult to control. Fractures
through a vitrified suspension of red cells will only destroy a few cells.
Fractures through an organ, such as the frog hearts vitrified by Rapatz
[21] will also destroy only a few cells, but will destroy the organ. Even sur-
face fractures have recently been reported in human heart valves lower-
ed from nitrogen vapor into the liquid nitrogen in storage vessels [22].
And even if it can be controlled to the extent that tissues or organs are
not physically injured, fracturing will still provide an invasive surface for
the propagation of the second most efficient form of ice nuclei we have
observed.

Concerning the usual cyroprotectant solutions for organ vitrification,
fracturing is problematical partly because of the equipment commer-
cially available for the storage, which at the moment offers two alterna-
tives, mechanical refrigerators or liquid nitrogen. If nothing else,
Figure 4 should convince us that storage at -80°C in a two-stage mech-
anical refrigerator isinadequate. Itis cold enough to produce nuclei, but
not cold enough to vitrify. Ice would not grow as rapidly as it does at the
higher temperatures where we watch it develop in seconds, but it would
grow relentlessly in hours, months or years to produce injury.
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Living cells and tissues are far more complex and interesting than the
little droplets of sugar water described above and, independently of the
suspending media, they have a set of glass transitions of their own, at least
three [23]. Nevertheless, the lessons we have learned from simple binary
solutions should be a good beginning for devising means for minimizing
devitrification injury in materials of medical interest. cryoprotectants
must restrict nucleation and limit ice growth to values which can be over-
come by reasonable rewarming rates.
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LIPOSOMES AS A MODEL SYSTEM FOR THE
CRYOPRESERVATION OF PERIPHERAL BLOOD
CELLS

H. Talsma, M.J. v. Steenbergen, P.J.M. Salemink, D.J.A. Crommelin

Liposomes can be looked upon as synthetic cells, as they are closed ves-
icles consisting of phospholipid bilayers which surround an internal
aqueous volume. Therefore, they might mimic the behaviour of peri-
pheral blood cells during cryopreservation in several aspects. Freezing
and freeze-drying have been proposed as stabilization techniques for the
long-term storage of peripheral blood cells. However, attempts to store
these cells in freeze dried form with complete retention of contents and
activity have not been very successful until now. Major problems
encountered were leakage of cell contents and alterations in cell size. A
number of potential damaging effects during cooling of cell dispersions
have been suggested, including crystallization of the cryoprotectant,
crystallization of internal ice and osmotic forces originating from freeze
concentration. The objective of this study was to investigate the beha-
viour of negatively charged liposomes in a dispersion containing
cryoprotectant during a freezing/thawing cycle. Freezing and melting
processes were monitored by differential scanning (DSC). The extent of
marker (5 mM carboxyfluorescein) encapsulation was measured before
and after the cycle.

The liposomes were prepared according to the “film” method and
extruded through 0.6 tm polycarbonate filters to obtain narrow particle
size distributions. The bilayers of the vesicles were composed of hydro-
genated soybean phosphatidylcholine and dietylphosphate (molar ratio
10/1). The hydration solutions contained 10 mM Tris buffer (pH=7.4)
and cryoprotectant ((glycerol, propylene glycol, mannitol).

In Figure 1 the DSC cooling curves of a Tris-buffer containing manni-
tol, a liposome dispersion in Tris-buffer (section A) and a liposome dis-
persion in Tris-buffer containing mannitol (section B) are shown.

The first cooling peak represents the crystallization of “bulk” water,
the second peak the crystallization of maximally supercooled water at the
homogeneous nucleation temperature. The liposome dispersion con-
taining mannitol showed an increased water crystallization enthalpy
starting at —45°C compared to the lipid dispersion without cryopro-
tectant, indicating that part of the water in the dispersion remains
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Figure 1. DSC cooling curves. A: 80umol lipid/ml liposome dispersion in 10 mM
Tris pH=7.4; 11.2% mannitol in 10 mM Tris pH=7.4. B: 80 umol lipid/ml lipo-
some dispersion in 10 mM Tris pH=7.4 containing 11.2% mannitol. Cooling
rate 10°C/min.

Table 1. Crystallization onset temperature of peak 2 for different cryoprotectants.
Te.o. = extrapolated onset temperature of the peak. Lipid composition: Phospho-
lipon 100H/dietylphosphate 10:1, multilamellar vesicles in 10 mM Tris pH=7.4.
Cooling rate 10°C/min.

Cryoprotectant % Te.o.
w/v) (°C)
Mannitol 11.2 —-45.1
Glucose 30 -52.7
Glycerol 30 -61.3

Propylene glycol 30 -76.1
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supercooled under these conditions until the homogeneous nucleation
temperature has been reached. The presence of cryoprotectant generally
increases the amount of supercooled water, as shown by the enhanced
crystallization enthalpy at low temperature (Figure 1B).

The homogeneous nucleation temperature depends on the concen-
tration and type of cryoprotectant used as shown in Table 1. The results
generally agree with those published by MacKenzie [1].

In Table 2 the crystallization enthalpy of peak 2, of the liposome dis-
persion containing mannitol, after different isothermal storage times at
-25°C is shown.

After the crystallization of “bulk” water part of the uncrystallized water
in the dispersion slowly converts into ice during storage as long as the
homogeneous nucleation temperature has not been reached.

When monitoring the loss of encapsulated marker, three regions can
be distinguished as indicated in Figure 1B.

A. Cooling the dispersion to a temperature just below the heterogeneous
nucleation temperature and within 30 seconds followed by reheating
(with 50°C/min) up to 20°C does not result in substantial marker loss
(1-3%).

B. Cooling the dispersion to temperatures between the heterogeneous
and homogeneous nucleation temperature and within 30 seconds re-
heating up to 20°C resulted in a cooling time and temperature
dependent marker loss.

C. Cooling the dispersion to a temperature below the homogeneous
nucleation temperature and within 30 seconds reheating up to 20°C
resulted in complete marker loss.

It was observed that the degree of marker leakage increases, whereas the
crystallization enthalpy (peak 2) decreases with an increasing duration
of the cooling step.

As a possible explanation for these results, it is suggested that after
crystallization of the “bulk” water in the dispersion the liposomes are
captured in a slowly concentrating cryoprotectant solution between the

Table 2. Crystallization enthalpy of peak 2 after different isothermal storage times
at —25°C. Lipid composition: Phospholipon 100H/dietylphosphate 10:1, multila-
mellar vesicles in 11.2% mannitol/10 mM Tris pH=7.4. Cooling rate 5°C/min.

Isothermal time Crystallization enthalpy
(min) J/g)

4 6.8

9 3.0

18 1.5
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growing ice crystals. These concentrating cryoprotectant solutions induce
a growing osmotic pressure difference over the lipid bilayer during cool-
ing. This osmotic pressure difference is compensated by water transport
through the bilayer. During thawing the water transport through the
bilayer is not fast enough to avoid a, by osmotic pressure differences in-
duced, burst effect. This burst effect is resulting in loss of internal
material, immediately followed by resealing of the bilayer (in literature
described as “popping”).

In conclusion it is possible to detect supercooled water in liposome
dispersions using DSC. Supercooled water seems to play an important
role in the stability of dispersions with respect to leakage of water-soluble
markers. The lack of success of attempts to store liposome dispersions at
subzero temperatures might be related to damage to the liposome dis-
persion caused by complete crystallization of the supercooled water or
to osmotic forces during thawing.

Reference

1. MacKenzie AP. Non equilibrium freezing behaviour of aqueous systems. Phil
Trans R Soc Lond B 1977;278:167-89.



DISCUSSION

H.T. Meryman, P.C. Das

J.C. Bakker (Amsterdam, NL): Dr. Armitage, you made a general statement
that below —130°C for all enzymes the activity is zero. Is it true for all
enzymes and on which types of enzymes is that statement based?

W.J. Armitage (Bristol, UK): If you are going down to below —-130°C, you
are close to or below the glass transition of water and there will be no
liquid water present. There will also be insufficient thermal energy to
drive any chemical reaction and for these two reasons there should be
no enzyme activity. At—-80°C, on the other hand, there is still some liquid
water present. Platelets cyropreserved at this temperature with glycerol,
do not show some degradation of function with time, whereas platelets
cryopreserved with DMSO do not show the same sort of degradation.

J.T. Derksen (Pasadena, CA, USA): Dr. Salemink, have you ever attempted
to lyophilize cells?

P.J M. Salemink (Oss, NL): We did attempt to lyophilize synthetic cells.
Our results were only partlally successful, but I am aware of papersin the
literature published in 1985' and 19862 in which the authors have
claimed 100% retention of soluble markers present within liposomes
after freeze-drying and rehydration after chosing the right cryoprotec-
tants. In this paper cyroprotectant was present in the extracellular as well
as in intracellular medium and their specified concentrations resulted
in full retention of the compounds after freeze-drying and rehydration.

1) Crowe LM, Crowe JH, Rudolph A, Womersly C, Appel L. Arch Biochem Biophys
1985;242:240-7.

2) Crowe LM, Womersly C, Crowe JH, Reid D, Appel L, Rudolph A. Biochem Bio-
phys Acta 1986;861:130-40.
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H.T. Meryman (Rockville, MD, USA): Dr. Salemink, I have a concern. You
showed that the shelf temperature was maintained constant while the
sample temperature rose progressively. The reason the sample tempera-
ture rises is because there is an increasing resistance to vapour flow and
a reduced amount of heat or sublimation is being consumed at the
drying boundary. Now, a most important factor in freeze-drying is that
the sample temperature should never rise above some particular tem-
perature, usually the eutectic temperature. Is it not a little dangerous to
indicate a constant shelf temperature as a classic freeze-drying mode.
When the sample temperature is too low, the drying is inefficient. If the
sample temperature is too high, you are damaging the sample. In an
ideal freeze-drying situation you might have the shelf temperature de-
creasing in the course of drying. Would you comment on that please.

P.J M. Salemink: In this particular example the product could tolerate a
whole range of freezing temperatures. So, this product was not very labile
and we did not have to have the product temperature controlled within
very strictly specified limits.

H.T. Meryman:1 guess my concern is that your information might be in-
terpreted as a recommended generic freeze-drying procedure. Many of
the freeze-drying cycles that I have seen were ineffective because it was
assumed that a constant shelf temperature or even an increasing shelf
temperature during drying was the way to proceed, when in fact it may
be exactly the opposite.

J. Over (Amsterdam, NL): Dr. McIntosh or Dr. Salemink could you give
more detail about the influence of the freezing rate of a plasma or pro-
tein product for optimal freeze-drying. Our own experience has been
that applying too high a freezing rate impairs sublimation, thus causing
longer freeze-drying times. This has to do, of course, with crystallization
of the ice and forming capillaries through which the water can evaporate
and be removed from the bottle. But could you also say something about
the influence on solubility of the final product.

P.J M. Salemink: You mean the relationship between freezing rate of a
plasma protein preparation and the solubility of the product.

R.V. McIntosh (Edinburgh, UK): You may remember I showed the different
crystal structures in the freeze-dried vials of factor VIII concentrate.
When the product was frozen on a -50°C cold shelf, we got these three
types of structure: One which has a heterogeneous structure, having
large crystals and a crust on the top, a second one which has a mixture
of large crystals and a fine homogeneous structure, and the last one,
which looks completely amorphous with a fine crystalline structure. In
terms of solubility, following heat treatment this last type always dissolved
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the best and showed the highest factor VIII recovery. So the question for
us was how to obtain this structure in all of the vials.

J. Over: There is one other aspect that is of importance in this respect,
the moisture content. So are you sure that the moisture content in all
these bottles were the same?

R.V. McIntosh: Yes, they were the same. But the thing is thatin a heteroge-
neous structure you may find different moisture contents in different
parts of the plug.

G.M. Fahy (Rockville, MD, USA): Dr. Talsma, I wanted to know if the Th
that you observed in your liposomes went down when you did those ex-
periments at—25°C and when you held for different intervals before cool-
ing further.

H. Talsma (Utrecht, NL): The Th was at the same temperature. The interval
range is 4-18 minutes. I always found —45°C for the mannitol dispersions
independent from the cooling conditions. Of course, for other cryopro-
tectants there is the possibility to reach lower temperatures before you
reach the homogeneous nucleation temperature. But the Th is inde-
pendent from the cooling cycle, while the related heatflow at the Th is
clearly time dependent.

G.M. Fahy: Dr. Pegg, as far as the vitrifiability of solutions is concerned,
I disagree that Ty’ isreally the temperature that defines the required con-
centration. The concentration corresponding to Ty’ is probably not ac-
tually reached in the real world, at least not in a glycerol-water system.
You tend to reach a limiting concentration much sooner than that and
proceed on downward to the glass transformation temperature without
a further change in concentration. So, I think that C(Tg 1/2), is a nice
ideal point on a phase diagram, but I do not believe that you get there
during normal cooling.

D.E. Pegg (Cambridge, UK): 1 think in practice that is correct, but the
physics is the physics. What I am talking about is the equilibrium at infi-
nitely slow cooling conditions. You are talking about finite cooling rates
and of course that does materially alter the situation. If  had judged my
talk a little better, I would have got on to the point, that there are really
essentially two approaches to achieving vitrification. One is an equili-
brium approach, where you are not concerned with rates either of cool-
ing or warming, where you are always to the right of the liquidus line and
no matter what the rates of change in temperature are there will be no
ice crystals formed. The problem with that appraoch is that you need
such very high concentrations of cryoprotectant. I will agree that glycerol
is not the one you would use; there are more favourable cyroprotectants
and mixtures such as you developed. But this approach is not ruled out
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completely. Mike Taylor1 in my group has been looking at the maximum
concentration of DMSO that rabbit cornea will tolerate: He is now up to
4.25 molar, and that is not the limit. So it may be that one can get very
close to the equilibrium approach. If you have to use dynamic approach,
you will have to cool more rapidly and have controlled rapid warming.

1) Taylor M]. Cryobiology 1988;25:533.



II. LOW TEMPERATURE BIOLOGY ASPECTS



STORAGE MEDIA FOR RED CELLS

0. Akerblom

During storage in the cold, erythrocytes undergo a number of changes,
some of which impair the metabolism and function of the erythrocytes,
and set limits to their storage-ability. The aim of erythrocyte preservation
is to minimize and delay the deleterious changes.

Fifty years ago British researchers began to study the metabolism and
posttransfusion survival of erythrocytes preserved in various citrate-glucose
mixtures. In 1943 Loutit and Mollison [1] reported that acidification of
the citrate-glucose solution improved the posttransfusion survival of
stored red blood cells. The properties of acid-citrate dextrose (ACD)
solutions were studied extensively also in the United States, and several
reports were published in the “Blood Preservation Issue” of J. Clin. In-
vest, in July, 1947. These reports confirmed the improved storage-ability
of ACD blood: atleast 70% of erythrocytes stored for three weeks remain
in the circulation of the recipient 24 hours after the transfusion. A three
week storage period for ACD blood was thus established, and blood
could be stock-piled in blood banks with a reasonably low rate of out-dat-
ing. In the same issue of Samuel M. Rapoport published studies on the
dimensional, osmotic and chemical changes of erythrocytes stored in
citrate-glycose solutions and in ACD [2]. The addition of citric acid to
the citrate-glucose preservative solution delayed the fall of glycolytic rate,
lactate production, pH, ATP level, and intracellular potassium concen-
tration. Preserved in ACD, the red cells rapidly lost their content of acid
soluble organic phosphates (mainly DPG). Rapoport suggested that the
maintenance of the functional state of the red cell and of its various char-
acteristics is dependent upon the glycolytic process, and that the ATP is
of critical importance for the preservation of this process. He proposed
that the viability of the erythrocytes during storage might be related to
their content of ATP.

In the fifties, purine nucleosides, e.g. adenosine and inosine, were
found to (partly) restore the content of organic phosphates and to im-
prove the posttransfusion red cell survival of stored blood [3]. Also when
added from the beginning of storage adenosine retarded the break-
down of red cell organic phosphates and improved the posttransfusion
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survival [4]. However, during the break-down of the purine nucleosides,
hypoxanthine is formed which upon transfusion is converted into urate.
Due to the high amount of purine nucleosides necessary to improve stor-
age-ability significantly, transfusion of a few units of purine nucleoside
fortified blood rises the recipient’s serum urate level considerably[5].

Nakoa et al reported that although incubation with inosine raised the
levels of organic phosphates in outdated red cells, addition of adenine
was necessary to elevate the ATP level, and that the rise in ATP was asso-
ciated with normalization of red cell shape [6] and posttransfusion via-
bility [7]. Simon etal [8] proved that small amounts of adenine, present
from the outset of storage, was sufficient to improve the maintenance of
ATP and posttransfusion viability. Supplementation of ACD blood with
0.5 mM adenine, extended the storage period to five weeks [8-10]. The
amount of adenine was small enough to allow the routine use of ACD-
adenine as a blood preservative [11].

Reports in 1967 showed that the 2,3-diphosphoglycerate level corre-
lated negatively with the hemoglobin oxygen affinity [12,13]. This
finding favoured the use of the citrate phosphate-dextrose (CPD) solu-
tion which is less acid than ACD and therefore gives a better mainten-
ance of DPG and normal hemoglobin oxygen affinity [14]. Another
approach was to reevaluate the possible role of inosine in red cell pres-
ervation. Incubation with “cock-tails” composed of inosine, pyruvate, in-
organic phosphate and adenine was shown to “rejuvenate” stored red
cells, and to induce supranormal DPG and ATP levels, and a marked de-
crease of the hemoglobin affinity for oxygen in fresh and stored cells
[15-17]. However, due to practical problems, these findings could not
be practized on a large scale. Instead CPD fortified with adenine was in-
troduced in the mid-seventies in order to improve the standard blood
preservation [18,19].

Whole blood was hitherto the dominating blood product. However,
theoretical considerations as well as practical experience showed that
the use of components of blood rather than whole blood would improve
transfusion therapy. In addition, the production of packed red cells was
large in countries producing plasma for industrial fractionation from
whole blood donations. Therefore, methods allowing improved preserv-
ation and facilitated transfusion of packed cells was urgently needed.
Studies in the mid-forties on resuspension solutions for packed red cells
[20] did not lead to practicable methods; multiple blood bag systems
were developed much later. The development during the late seventies
was much more successful, and in the eighties, the use of erythrocytes sus-
pended in additive solutions have in many countries replaced whole
blood and packed cell transfusions. These additive solutions contain
adenine and glucose in saline with the addition of a non-penetrating
agent, e.g. mannitol, to minimize the spontaneous in vitro hemolysis
during storage. Some of the solutions do also contain other substances,
i.e. guanosine, inorganic phosphate, citrate, sorbitol. These solutions
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are added to the packed red cells shortly after blood donation and
separation of plasma. They improve storageability [21-24] and dilute
the red cells sufficiently to allow one unit of red cells to be transfused as
rapid as one unit of whole blood [21].

The events taking place in stored red cells may be summarized as
follows:

1. Glucose is metabolized to lactate and hydrogen ions, which accu-
mulate in the blood container. The decreasing pH inhibitis successively
the phosphofructokinase and hexokinase enzyme reactions, resulting in
a decreasing rate of glycolysis during storage.

2. The rephosphorylation of ADP to ATP decreases concomitantly
with the decreasing glycolysis rate, resulting in a fall of the ATP concen-
tration and increasing ADP/ATP and AMP/ATP ratios. There is a net
loss of adenosine nucleosides due to an irreversible deamination of
AMP.

3. The DPG level starts to fall when the pH falls below 7.3 [25]. (Red
cells with a pH of 7.8 at 4°C will show pH 6.8 when measured at 37°C
[cf 26]). The DPG phosphatase activity is low, therefore the DPG decay
is linear until 10% of the original level is reached. The daily loss at 4°C
is approximately 0.07 mol/mol hemoglobin [27], corresponding to 8%
of the normal level.:

4. At 4°C, the cation pump cannot balance the potassium outflux. As
a result, the extracellular potassium concentration increases rapidly
during storage, and approaches equilibrium with intracellular potas-
sium after 6 weeks of storage [2]. The loss of erythrocyte potassium is
therefore dependent on the extracellular volume, the lowest potassium
loss occurring in packed red cells..

5. The posttransfusion erythrocyte survival is dependent on bio-
chemical function and membrane integrity. Subnormal ATP levels
correlate with decreased erythrocyte viability [9,11,28]. In stored red
cells, the total adenosine nucleotide content rather than ATP is better
correlated with viability [29]. The morphology changes occurring are
also related to the ATP and posttransfusion survival. Preservatives giving
improved ATP maintenance do also delay the equinocyte and sphero-
cyte formation [31]. The decrease of the posttransfusion survival is re-
lated to the number of spherocytes and partly the number of
equinocytes. Spherocyte formation is associated with loss of membrane
surface area [32,33], which will cause irreversible changes, while most
equinocytes can be re-transformed to discocytes [29, cf 30].
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6. The oxygen affinity of the hemoglobin is closely related to the DPG
concentration and increases when the DPG level falls during storage
[34,35]. In most transfusion situations this is of no clinical significance,
although there may be cases in which a normal (or decreased) oxygen
affinity is important. However, preservatives and additive solution are
generally designed primarily to prolong ATP maintenance and viabil-
ity; these factors are usually not allowed to be impaired by efforts to
improve the maintenance of DPG and normal oxygen affinity of the
hemoglobin.

Most of the changes occurring during storage are reversible upon trans-
fusion. Restoration of ATP, DPG and potassium levels begins immedi-
ately after transfusion, and normal concentrations are reached within
one or a few days [36]. In vitro restoration of ATP, DPG and red cell
morphology by incubation with “rejuvenation cock-tails” isaccompanied
by an improved posttransfusion survival. However, this improvement
does not lead to full restoration of red cell viability, indicating that mem-
brane changes, unrelated to the metabolic state of the cell, occur during
storage [cf 30].

The effects of the different substances used in the anticoagulant pre-
servatives and in the additive solutions can be summarized as follows:

1. Trisodium citrate. The citrate ion does not penetrate the red cell
[37], and the plasma concentration in ACD and CPD blood is
20-23 mmol/1. This concentration is much higher than needed for the
binding of calcium ions and anticoagulation. Addition of citrate elevates
the intracellular pH slightly [38-40]. This has to be considered when
relating glycolytic activity and DPG maintenance to the pH of the red cell
suspensions and whole blood. Another possible effect of the 20 mM
citrate concentration might be to balance the colloidosmotic effect of
the red cell hemoglobin, approximately 17 mosm/kg [41], and thus
minimize the spontaneous hemolysis of stored red cells.

2. Citric acid. Cooling the blood from 37°C to 4°C decreases the dis-
sociation constant of water and thus the hydrogen ion concentration;
the pH increases by approximately 0.5 pH unit [cf 26]. The addition of
citric acid counteracts the temperature-induced elevation of the pH, and
is necessary to avoid the negative effects of an alkaline pH upon the en-
ergy status of the erythrocytes: arapid decrease of the ATP concentration
[25], increased AMP/ATP and ADP/ATP ratios, and a marked increase
of the breakdown of adenosine nucleotides to hypoxanthine [42].

3. Glucose is the main nutritient for the erythrocyte. The amount of
glucose present in donor blood is not sufficient for the preservation of
red blood cells. CPD-adenine stored red cells consume 5.84+ 0.55 mmol
glucose per mmol hemoglobin in five weeks [43]. This corresponds to
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approximately 0.9-1.2 g of glucose per unit of blood. Standard ACD and
CPD solutions provide enough of glucose for several weeks of storage of
whole blood. For CPD-adenine packed red cells a five week storage period
can be obtained either by leaving 80-90 ml of plasma with the cells, or
by adding more glucose to the anticoagulant solution. However, resus-
pension in an additive solution containing glucose will give a better
product and allow storage beyond five weeks.

4. Adenine. During storage red blood cells loose adenosine nucleo-
tides due to deamination and degradation of AMP. Adenine is readily
taken up by the erythrocyte, and is incorporated into the adenosine
nucleotide pool. Adenine (A) reacts with phosphoribosyl diphosphate
(PrPP) to form AMP:

A + PrPP — AMP + PP

ATP and ribose 5-phosphate is utilized for the synthesis of PrPP:
ATP + rP — AMP + PrPP

ATP and AMP equilibrate with ADP in the adenylate kinase reaction:
ATP + AMP < 2 ADP

The ADP can then be rephosphorylated to ATP by glycolysis. A maximal
effectupon ATP isachieved atan adenine concentration close to 0.5 mM
in whole blood, higher concentrations giving less good maintenance of
the ATP level [9,27].

An increased ADP/ATP quotient favours the metabolism of 1.3-DPG
via the phosphoglycerate kinase reaction and reduces thereby the syn-
thesis of 2.3-DPG. Adenine addition gives a more rapid decline of the
DPG levelin stored red cells [9]. In CPD blood the DPG decline is closely
related to the adenine concentration [27]. In the fresh erythrocyte, the
PrPP is present in a very low concentration, but increases rapidly during
the first week of storage [44]. This explains why the consumption of
adenine is low the first few days of storage, and then more rapid. A stand-
ard unit of blood consumes 0.5-0.8 mg of adenine per day, the consump-
tion rate being highest the first two weeks of storage [9,45].

Upon transfusion, the remaining free adenine is metabolized to
adenosine nucleotides and nucleic acids in the recipient. A minor part
will be excreted unmetabolized. A few per cent of the adenine is meta-
bolized to dioxyadenine (DOA), which may form precipitates in the kid-
ney when excreted. To safely avoid nephrotoxic risks, the dose of
adenine given with the transfusion should not exceed 15 mg
(0.11 mmol) per kg body weight [46]. This may create a problem in the
massive transfusion situation unless the adenine in the preservative or
additive solution is keptlow. The low content of adenine in the SAGMAN
solution, 17 mg, is considered safe for all types of transfusion situations,
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although itis suboptimal with regard to the maintenance of ATP [9, 27].

5. Inorganic phosphate (iP). The amount of iP in the CPD solution is
probably too low to influence the glycolysis of the erythrocyte significant-
ly. Very high levels of iP improves the maintenance of ATP [47]. Produc-
tion of supernormal DPG cells with nucleosides and pyruvate requires
the addition of iP.

6. Guanosine is a poorly soluble purine nucleoside, which has been
used together with adenine in “ACD-AG” solution [48,49] to give a 0.25—
0.50 mM concentration of guanosine in the blood. Itis rapidly converted
to guanine, which is slowly being converted to xanthine. A small amount
of the guanine is converted to guanosine nucleotides. The molar con-
centration of GTP may rise to 10-15% of the ATP concentration [50].
Guanosine improves the preservation of ATP as well as DPG [50,51], and
prolongs the storage period by at least one week.

Transfusion experience and recent toxicological studies in humans
have not revealed any untoward effects of guanosine [Forster H, unpub-
lished report 1987]. However, the exact mechanism of action has still to
be clarified, as well as the possible risk of supplying the massively trans-
fused patient with the guanine and xanthine formed during storage.

7. Mannitol or sorbitol are being used in additive solutions to reduce
the spontaneous hemolysis occurring in erythrocytes resuspended in
saline solutions. Although a 10 mM concentration of mannitol effective-
ly reduces the in vitro hemolysis [562], 29 or 41 mM mannitol or 55 mM
sorbitol is currently being used in additive solutions. The mechanism of
action is not known in detail. One possible explanation could be that a
few red cells become more leaky to cations during storage, and that the
colloid-osmotic effect of the hemoglobin, approximately 17 mosm/kg,
causes swelling and hemolysis of the cell [41]. Addition of non-penetrat-
ing agents such as citrate, mannitol, sorbitol or sucrose in concentrations
able to balance the colloid-osmotic effect of the hemoglobin will then
minimize the in vitro hemolysis during storage.

Several other substances which improve the metabolic state of the red
cell have been proposed to be included in the preservative solution, i.e.
dihydroxyaceton, bicarbonate, ascorbate, ribose, xylitol, phosphoenol-
pyruvate. However, due to technical and other problems these substan-
ces have found little or no use in the routine blood banking. Also other
factors influence the storageability of the red cells i.e. variations of stor-
age temperature, intermittent mixing of the cells during storage, phta-
lates from the plastic bag, and degree of oxygenation.

The aim of blood preservation in the liquid state is to keep controlled
and safe blood components with high degree of efficacy immediately
available for transfusion. Erythrocytes resuspended in additive solutions
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fulfil this requirement. The extended preservation time, 5—7 weeks,
facilitates stockpiling and minimizes the risk of out-dating. However,
most red cells are transfused within two or three weeks after the blood
donation, and the need for longer storage periods than 5-6 weeks
is small. It seems to be more important to minimize the variation in
efficacy between the newly prepared red cell unitand the one approach-
ing it’s expiration day. Also, to allow the use of the red cell component
in chronic anemia as well as for massive transfusion and exchange trans-
fusion, the additive solution should contain minimum amounts of
adenine and other additives which may give untoward toxic effects when
given in large amounts. Otherwise, the red cells have to be washed before
transfusion, which is costly and laborious and reduces the availability.

The CPD SAGMAN system designed by Héogman [21,22] was intro-
duced to 100% in our hospital eight years ago. In 1988, SAGMAN ery-
throcytes were used in 96% of all red cell transfusions in Sweden. It has
facilitated the use of blood components according to modern concepts
[54-56]. The number of febrile transfusion reactions were reduced by
70% due to the removal of buffy coat. The iso-agglutinin-poor blood
group 0 SAGMAN erythrocytes can be transfused in large amounts to
patients belonging to other blood groups without risk of serological
complications. This facilitates stock-piling since it is no longer quite
necessary to keep all blood groups in stock. Finally, large volumes of
high-quality plasma are recovered for production of the coagulation
Factor VIII and other plasma derivatives.
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PROLONGED STORAGE OF ADULT AND NEWBORN
RED CELLS

N. Meyerstein

Introduction

Prolonged storage of red blood cells induces structural and metabolic
changes, known as “storage lesion” [1]. This causes impaired cellular
function and a decreased survival time after transfusion [2]. Suitable
preservation media may maintain ATP contents and improve in vivosur-
vival [3]. Recently a new preservation medium was composed by Mery-
man et al, consisting of a hypotonic solution with respect to non
permeantsolutes [4]. Ammonium chloride, adenine, glucose, mannitol,
citrate and phosphate were included in this medium [4]. Unexpectedly,
this medium augmented ATP levels and maintained them above initial
values for 9 weeks, as well as prolonged in vivo survival at acceptable
values, for up to 18 weeks.

In our previous study, we investigated the advantageous effect of the
different constituents of this preservation medium as compared with
CPDA-1 [5]. It was clearly demonstrated that neither ammonium
chloride nor potassium was essential. The important constituent was
mannitol, with its known osmotic support [6] and antioxidant activity
[6,7] in a hypotonic protein-poor medium. In order to acquire a better
understanding of the underlying mechanism, newborn cells, with known
impaired antioxidant systems and accelerated in vivo senescence were
stored in Meryman’s medium.

Materials and methods

Blood for each experiment was obtained from 3 healthy adult donors,
after informed consent. In addition, cells were obtained from the um-
bilical cords of 3 mature newborns, immediately after delivery. These
samples were collected aseptically in heparinized sterile test tubes. After
plasma and leukocytes were discarded, the cells were washed in sterile
isotonic saline solution and suspended in Meryman’s “solution 6”. Final
volume was less than 5 ml in each tube. The ratio of storage medium to
cells was 1:1. The tubes were stored unstirred for 12 weeks, at 4°C,
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opened at weekly intervals for serial determinations and then discarded.
All preservation media were prepared and then sterilized by passage
through 0.02 um filters. The osmolality of each solution was determined
using a Fiske Osmometer, as follows: Meryman’s “solution 6” [4]:
408 mosmols. Its permeant solutes (glucose, adenine and ammonium
chloride) contributed only 210 mosmols. The cells were introduced
into this solution which gradually became hypotonic as the permeant
solutes entered the cells during storage. Thus, the media were hypotonic
with respect to non-permeant solutes.

Variables measured

ATP contents were determined as reported previously [8]. 2,3-DPG
levels were determined according to Beutler [9]. Both values were
expressed as fimoles per gHb. The enzymes for ATP and 2,3-DPG were
purchased from Sigma Co., Petah Tikva, Israel. Hemoglobin, hematocrit
and osmotic fragility were determined according to Dacie & Lewis [10].
The osmotic fragility was expressed as Median Fragility, i.e. the salt con-
centration of the hypotonic solution causing 50% hemolysis [10].

200
ATP
100 —4
0 T T
0 5 10 15
t (weeks)

.«

Figure 1. Mean ATP levels = SEM in units stored in Meryman'’s “solution 6
Q adult cells; ¢ newborn cells. Data represent 3 units in each solution; calcu-
lated as percentage of initial values.
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Table 1. Effect of prolonged storage on newborn red cells in Meryman’s solution.

Storage ATP (% of  DPG Free hemoglobin  Osmotic fragility pH
)

(weeks) initial value) (%) (mg%) (
0 100 100 0 85 6.85
4 102+ 6.5 97+ 1.7 322+ 51 114 6.48
8 39+ 2.7 0 780+ 117 6.23
12 10£ 1.6 0 1003+ 281

Data are expressed as means = SEM.

Results

The results of a 12-week storage period in Meryman’s “solution 6” are
presented in Figure 1 and Table 1. ATP levels were maintained in this
medium at initial values for 4 weeks, then declined to 39% at 8 weeks and
to 10% at 12 weeks (Fig. 1).

2,3-DPG levels, however, decreased very rapidly to about 10% of their
initial value and were subsequently negligible throughout storage
(Table 1). Hemolysis, as expressed by free hemoglobin in the preserva-
tion media, also increased rapidly, reaching 300 mg% at 4 weeks and
then twice this value at 8 weeks. There was also a rapid increase in
osmotic fragility, and later on overt hemolysis was noted. Similary, pH
decreased rapidly, reaching 6.2 at 8 weeks. When these data are
presented parallel to those of adult cells in the same media [5], it is evi-
dent that newborn cells are much more sensitive to storage: the initial
rise in ATP levels at 4 weeks, observed in adult cells, did not occur in new-
born cells at all. The rate of ATP decline, however, was similar in both

Table 2. Effect of prolonged storage on newborn and adult* cells in Meryman’s sol-
ution.

Weeks of storage

0 4 8 12
ATP newborn 100% 102 + 6.5 39+ 2.7 10+ 1.6
(%) adult  100% 143 +7.6 95+ 5.7 36+ 1.6
DPG newborn 100% 9.7+ 1.7 0 0
(%) adult  100% 35.1 4.9 19+ 26  ND.
Free hemoglobin newborn 0 322 +51 780+ 117 1003 = 281
(mg%) adult 0 38 = 15 71+ 12 377+ 158

* Data for adult cells presented previously [5].
Data are expressed as means+ SEM.
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cell types (Fig. 1). A similar pattern was observed in 2,3-DPG levels and
free hemoglobin (Table 2). However, osmotic fragility was similar in
both cell types and pH was better maintained in adult cells than in new-
born cells.

Discussion

Meryman et al have described a new preservation medium, containing
ammonium chloride in hypotonic solutions, supporting high ATP levels
and acceptable post-transfusion survival, even at 18 weeks [4]. This me-
dium also contains mannitol, to reduce hemolysis in the absence of plas-
ma proteins, as proven by Hégman [11]. Recently, Beutler et al
suggested that the mechanism for the beneficial effect of mannitol is
more complex than its osmotic support [6] and may involve scavenging of
free radicals [7].

Other studies have confirmed the impressive beneficial effect of
Meryman'’s “solution 6” with its amazing increase of up to 140% in initial
ATP values during the first 4 weeks in cold storage [5]. These high
levels were maintained for at least 8 weeks with low spontaneous
hemolysis.

The mechanism responsible for the beneficial effects of Meryman’s
medium is still unexplained. In order to achieve a better understanding
of it, we used newborn cells, known for impaired antioxidant defense sys-
tems and accelerated senescence. These cells differ from adult red blood
cells in several of their characteristics: most of the hemoglobin is fetal
hemoglobin (HbF), a high affinity hemoglobin, and the majority of the
enzymatic activities are greater than in adult cells [12]. However, their
antioxidant defenses are less efficient, with low activity of glutathione
peroxidase and methemoglobin reductase [12]. Newborn cells have a
shorter life span than adult cells, a fact which may be correlated with
their increased sensitivity to oxidation. As red cell senescence has been
likened to in vitro cold storage [13], we used newborn cells to evaluate
Meryman’s medium. We found that after 4 weeks, newborn cells still had
high ATP levels, close to initial values. However, this is lower than in
adult cells, in which ATP levels increase to about 140%, as is shown in
Meryman’s data. The rate of ATP decline is the same in both cell types.
It should be mentioned here that ATP levels in newborn cells are similar
to those in adult cells, some times even higher [12,14], but are con-
sidered to be more labile during incubation. Reduced glutathione
(GSH) levels are higher in newborn than in adult cells, but again are
defined as more “labile” [12]. This lability may be interpreted as being
related to impaired efficiency of antioxidant defenses in the newborn
[12]. This phenomenon is also comparable to in vitro aging: Lachant et
al [15] have shown that in spite of normal GSH levels, stored cells are
more sensitive to oxidative stress. This sensitivity is demonstrated by in-
creased oxidation of hemoglobin (demonstrated by Heinz Bodies) and
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by decreased GSH [15]. In this study, impaired red cell survival was sig-
nificantly related to the GSH stability 24 hours after transfusion.

As has been shown in previous studies, newborn cells were found to
be inferior to adult cells in storage in CPDA medium [14]: these cells had
lower ATP and DPG levels, a fact which usually indicates poor (although
sometimes only transient) post-transfusion function. The newborn cells
manifest increased osmotic fragility and a greater hemoglobin release in
the media, suggesting membrane damage.

Storage of newborn red cells also has practical implications: these cells
have been considered in the past for autologous transfusion, in ACD
[16] and CPD [17]. Previous studies in CPDA-1 have shown that new-
born cells which may be obtained from placentas and stored for several
weeks are more affected by storage than adult cells [14]. The “storage
lesion” in these cells was partly reversible, as in adult cells, by incubation
with adenosine, i.e. the cells could be rejuvenated by this incubation.

Itis thus tempting to speculate that antioxidant protection is deficient
in these cells in vivo as well as in vitro. This finding may reinforce the
possible role of antioxidant activity in Meryman’s medium.
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EXTENDED STORAGE OF (WASHED) RED CELLS AT
4°C

H.T. Meryman, M. Hornblower, R. Syring

There are three general procedures for the storage of human red cells for

transfusion:

1. refrigerated storage in the original anticoagulant solution;

2. refrigerated storage after separation of the red cells from the anti-
coagulant solution and resuspension of the cells in a solution specifi-
cally designed for red cell storage;

3. freezing of red cells in glycerol solution.

In the United States the standard anticoagulation solution is CPDA-1.
Red cells collected are stored in CPDA-1 solution (see Table 1) have a
shelf life of 35 days. Although a number of investigators over the last two
decades have reported possible benefits from anticoagulant solutions at
higher pH, [1-3] solutions in actual use are all atlow pH because of manu-
facturing considerations. When a solution containing both electrolyte and
glucose is autoclaved at pH above 6.8, the glucose caramelizes.

An alternate procedure is to draw the whole blood into CPDA-1,
remove most of the plasma and platelets, then resuspend the red cells
in a solution specifically designed for red cell storage. Two solutions,
ADSOL and Nutricell, (Table 1) have been licensed for this purpose.
These solutions are also at low pH. Red cells resuspended in these solu-
tions have a shelf life of 42 days.

In red cells suspended in any of the three solutions described above,
the concentration of adenosine triphosphate (ATP), which bearsaloose
relationship to membrane fluidity, red cell shape change and in vivo sur-
vival, rises briefly then falls progressively during storage, reaching be-
tween 40 and 60% of initial value at the end of the storage period.
2,3-diphosphoglycerate (2,3-DPG), which is associated with the ability of
the hemoglobin to deliver oxygen to the tissues, falls rapidly after 3 or
4 days of storage and by 10 days is approaching zero.

The proportion of cells that will continue to circulate after transfusion
also falls during storage. Shelf life has been determined on the basis of
this, the general rule being that 75% of the cells originally collected
should still be circulating 24 hours after transfusion. The cells that do
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Table 1. Composition of red cell suspending solutions, mM.

CPDA-1 ADSOL Nutricell ARC6 ARCI9C ARCS

NaCl 154.0 70.1

Adenine 2.0 2.0 2.2 2.0 2.0 2.0
Glucose 161.0 111.0 55.0 110.0 177.0 138.0
Mannitol 41.2 55.0

MacCitrate 89.6 20.0 17.9 27.2 33.3
Citric acid 15.6 2.0

NaHoPOy4 16.1 20.0 14.7 3.26
NagHPO4 25.8 20.0 11.6
NH4Cl 50.0

pH 5.7 5.5 5.8 7.1 7.5 7.4
Osmolality 323 342 244 199 121 126

This table summarizes the composition of solutions referred to in the text. Osmo-
lality is presented in milliosmoles and refers only to the non-penetrating con-
situtents, glucose being assumed to penetrate the red cell [12].

not circulate are presumed to be those that have lost membrane fluidity
and undergone shape changes that render them unable to pass through
narrow channels in the spleen and liver. Both ATP concentration and
the proportion of cells with abnormal morphology therefore provide
some indication of probable 24 hour in vivo survival [4].

Some of the shape changes that cells undergo during storage are re-
versible. Some of these reversible cells may revert to normal morphology
after transfusion before they pass through the filters of the spleen and
liver. Others may be filtered out before they have had an opportunity to
recover. It is possible to rejuvenate stored cells so that, in theory at least,
all potentially reversible shape changes are reversed prior to transfusion
and the in vivo survival is improved [4]. Another virtue of in vitrorejuven-
ation, in fact the basis for its original use, is the regeneration of 2,3-DPG
levels so that the cells will deliver oxygen immediately following trans-
fusion [5].

Since current rejuvenating solutions are not suitable for transfusion,
rejuvenated cells must be washed prior to transfusion. Since the closed
system will have been entered to introduce and remove the rejuvenating
solution, federal law requires that the cells be transfused within 24 hours
because of the risk of bacterial contamination. If the closed system were
not entered during rejuvenation and washing, the 24-hour limit would
not be applied provided a satisfactory resuspension solution were also
available. New devices recently licensed make it possible to join two
pieces of transfer tubing without risk of contamination so that the con-
tamination obstacle can now be surmounted. However, the saline glucose
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solutions normally used for washing are not suitable for storage beyond
24 hours because of rapidly increasing hemolysis. No transfusable solu-
tion capable of providing prolonged storage following washing has been
reported. For this reason, rejuvenation is always followed by freezing.

For freezing, red cells are suspended in a lactate solution containing
glycerol which protects them from freezing injury [6]. Cells can then be
stored at—80°C for many years. Following thawing, the glycerol is washed
from the cells leaving the cells suspended in a glucose saline solution.
The same restrictions previously described now apply and the cells must
be transfused within 24 hours. The advantage of freezing following
rejuvenation is merely that thawing and deglycerolization can be done
electively rather than being mandatory within 24 hours. We have investi-
gated the possibility of extending 4°C storage of red cells beyond the 42
days achieved by ADSOL and Nutricell and have also attempted to
design a solution suitable for the storage of washed cells.

Our first indication that refrigerated storage might be substantially
extended resulted from experiments stimulated by reports that part of
the progressive storage lesion consisted in the development of echino-
cytes leading ultimately to the budding off of vesicles from the tips of the
spicules [7]. We reasoned that this loss of membrane material would de-
crease the surface-to-volume ratio and increase the rigidity of the cells,
thereby increasing the probability that they would be filtered out of the
circulation following transfusion and contribute to poor in vivo survival.
We further reasoned that storing the cells in a hypotonic medium would
increase their surface tension and tend to oppose the formation of echi-
nocytes. To test this hypothesis experimentally, red cells were stored in
a solution of approximately 150 milliosmoles to maximize cell swelling.

Early studies by Davson [8] showed that red cell membrane per-
meability is increased as the ionic concentration falls below 100 mM of
electrolyte. We had subsequently shown that one could achieve the os-
motic effects of hypotonicity, i.e., cell swelling, without a corresponding
reduction in ionic concentration by substituting ammonium chloride or
ammonium acetate for non-diffuseable electrolytes [9]. The ammonium
ion, NHs", in aqueous solution is always in equilibrium with a small
amount of NH4. This neutral molecule passes readily across the mem-
brane where it will lose a proton to re-establish normal dissociation.
Thus, an ammonium salt that includes a penetrating anion will freely
penetrate the red cell membrane and, as a result, exert no net osmotic effect.

In order to store red cells in a hypotonic medium without the risk of
alterations in membrane permeability we therefore added 100 mM
ammonium acetate or ammonium chloride to the otherwise hypotonic
suspending solution (ARC6, Table 1). To our surprise, although 2,3-
DPG, as expected, fell rapidly, ATP rose steadily during subsequent stor-
age, reaching 150% or more of original value in roughly four weeks,
following which there was a progressive decline reaching the initial level
in roughly ten weeks. Subsequent in vivostudies showed a 24-hour in vivo
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survival in excess of 75% after 100 days (14 weeks) of storage. Both the
hypotonicity and the ammonium chloride were shown to be beneficial
to ATP maintenance when employed alone and with cumulative benefit
when combined [10].

At the time these observations were made, the results were unex-
pected and the mechanism a mystery. Subsequent review of the pathways
of carbohydrate metabolism, particularly the elegant studies of Rapaport
[11], revealed that ammonium is an activator of the enzyme phospho-
fructokinase (PFK) which converts fructose-6-phosphate to fructose
1, 6 diphosphate at pH above 7. Most of the enzymes of carbohydrate
metabolism are “pass-through” enzymes that process substrate whenever
itis presented to them. PFK is an allosteric enzyme that can be activated
or inhibited by compounds other than its substrates. Furthermore, it is
positioned early in the glycolytic pathway, thus functioning as a gate-
keeper for glucose metabolism and the subsequent synthesis of ATP. It
is not unreasonable to propose therefore that the activation of PFK by
ammonium to an extent far in excess of that possible in vivo is respon-
sible for the increase of ATP to a supra-normal level. If this were the ex-
planation for the effectiveness of the ammonium chloride, this would
imply that the maintenance of ATP during storage could be substantially
improved by any factor that activates PFK. Since the inclusion of
ammonium salts in a red cell suspension designed for transfusion is of
questionable acceptability, we directed our attention at other ways by
which phosphofructokinase could be activated.

Other activators of PFK include AMP, sulfate, potassium, inorganic
phosphate (Pi) and magnesium [11]. With the exception of Pi, none of
these activators were found to be effective in stimulating ATP synthesis
in intact red cells during 4°C storage, possibly because of the imper-
meability of the red cell membrane. Pi, on the other hand, was very ef-
fective in stimulating ATP synthesis at a rate and to a level proportional
to the Pi concentration up to a saturation level at about 40 mM.

Inhibitors of PFK include ATP itself, citrate and 2,3-DPG. Of these,
only citrate was amenable to manipulate but its presence or absence in
the incubation solution was without effect on ATP or 2,3-DPG mainten-
ance possibly, in this case as well, because of its failure to penetrate the
red cell membrane. Our attention was therefore focused entirely on
manipulation of the phosphate concentration and its presentation to
the red cells.

Phosphate, in a red cell storage solution, could perform at least three
essential functions. First, it can activate PFK; second, it is itself one of the
substrates for the synthesis of ATP and 2,3-DPG; third, it is an effective
buffer in the range pH 7 to 8 necessary for efficient glycolysis. In design-
ing a practical, transfuseable, red cell storage solution, we felt restricted
in the extent to which we might elevate the phosphate concentration
above that in current solutions because of concern on the part of clini-
cians, especially when transfusing patients with renal problems. We
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Figure 1. Red cells were collected in CPDA-1, platelet-rich plasma removed and the
cells were resuspendid in 100 ml of either Nutricell, ADSOL or ARCIC.

therefore designed our solution so that the quantity of phosphate in the
final cell suspension was comparable to that in a unit resuspended in
Nutricell which has the highest phosphate concentration of currently
licensed solutions.

Once NHy was eliminated, our solution (ARC9C, Table 1) had then
essentially the same constituents as CPDA-1, the major difference being
the elevated pH and the hypotonicity of non-penetrating constituents.
When used for the resuspension of red cells collected in CPDA-1, the
elevation of ATP was, not surprisingly, moderately prolonged in com-
parison to cells resuspended in ADSOL or Nutricell (Figure 1).

Coincidental with these studies, we were aware of increasing concern
on the part of blood bankers regarding the contamination of red cells
by transmissible viruses, especially the hepatitis B virus (HBV) and the
human immunotropic virus (HIV). Proposed approaches to viral in-
activation or depletion will inevitably require washing of the red cells
either for physical depletion of virus particles or to remove inactivating
agents and their byproducts. This expectation, plus the existing need for
a resuspension solution for rejuvenated or deglycerolized red cells, led
us to explore the application of our storage solution to the resuspension
of washed cells.

Our initial studies of the influence of phosphate at pH above 7.0 on
ATP synthesis during storage had revealed that ATP elevation and main-
tenance during storage was not only proportional to phosphate concen-
tration but also inversely proportional to hematocrit, raising the
question whether the relationship was really with concentration or
rather with the absolute quantity of phosphate present. Experiments
designed to test this, although not unequivocal, suggested that the latter
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Figure 2. Red cells were collected in CPDA-1, plateletrich plasma removed and
the remaining cell suspension divided into two equal aliquots. One was washed
in phosphate-buffered isotonic saline, the other in ARC8. Both were stored at
4°C in ARCS.

might be the case. This in turn, implied that, whether or not activation
of PFK was indeed a factor, this requirement could be satisfied by modest
amounts of phosphate and further increases provided benefit through
increased buffering capacity and, as a result, prolonged maintenance of
pH during storage.

When a high pH solution is added to red cells in CPDA-1, the pH
generally falls because of the buffering capacity of hemoglobin. To main-
tain the pH can require an unacceptable high concentration of buffer.
However, if the cells are repeatedly washed with a pH 7.4 solution,
during the course of the wash the hemoglobin should be raised to that
pH and should reach equilibrium with the external buffer. This means
that, at the end of the wash, both the hemoglobin and the extracellular
buffer will participate in the maintenance of pH during subsequent stor-
age and postpone the fall in pH that results from the accumulation of
lactic acid during red cell metabolism which, in turn, inhibits glycolysis
leading to a fall in ATP and 2,3-DPG.

Cells washed and stored in ARCS8 (Table 1) at pH 7.4 did achieve sig-
nificantly higher ATP levels during storage than when washed in isotonic
saline buffered to pH 7.4 with phosphate and resuspended in ARCS,
with the ATP on average remaining above initial value until 5 weeks post
wash (Figure 2). More surprising, however, was the rise and continued
maintenance of 2,3-DPG, which we attribute to the elevation of pH
achieved by repeated washing with a buffered solution at pH 7.4.

We are therefore reporting a washing and resuspension protocol in
which red cells are washed with a phosphate or phosphate-citrate
solution at pH 7.4 and resuspended in a solution at comparable pH
containing phosphate, citrate, glucose and adenine with a total osmo-
lality of non-penetrating solutes of approximately 125 mOsm. Such a
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protocol yields red cells in which both ATP and 2,3-DPG are maintained
at levels above normal for approximately four to six weeks at 4°C. In vivo
survival assays are in progress.
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STORAGE OF PLATELET CONCENTRATES IN
PLASMA-FREE SYNTHETIC MEDIA

S. Holme

Background

Over the last ten years in the United States, the rate of increased use of
platelets and plasma has greatly exceeded that of red cells. To meet this
demand, a major objective of the American Red Cross Blood Services has
been to achieve maximal yield of these components with minimal addi-
tional cost. Since platelets can only be stored for 5 days with 50-60 mL of
plasma, issues of prolongation of shelf life while maintaining product
quality is an important goal. The use of a plasma-free additive solution
for storage of platelets offers the opportunity to achieve these objectives.
Specifically, there are several potential advantages to storing platelets in
a plasma-free synthetic medium:
1. about 50 mL of plasma per unit collected may be saved,
2. transfusion reactions caused by non-compatible plasma proteins may
be avoided, and
3. quality may be improved, which will decrease the number of units
transfused.

Historical review

The idea of storing platelets in a synthetic medium is not new. In the
1950s, Tullis [1] described storage of platelets in a salt solution fortified
with sodium acetate and gelatin. Baldini [2] published in 1960 survival
studies of platelets suspended and stored in a phosphate-buffered salt
solution containing glucose and plasma. However, the survival of these
platelets was short, less than 20 hours. A contributable cause for the poor
viability was that storage was carried out at 4°C rather thn at room tem-
perature. Storage of plasma-suspended platelets at 4°C has been shown
to result in irreversible disc-to-sphere transformation with poor post-
transfusion survival [3].

Recently, there has been a renewal of interest in storage of platelets
in an artificial plasma-free medium. Not only is this partly due to the
need to maximize plasma recovery, but, more recently, it has become
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Table 1. Platelet storage media (components in mM)

Histidine Phosphate PAS PSM 1-pH Plasma-

Tyrode Tyrode lyte-A

(Rock [3]) (Rock [3]) (Holme [7]) (Murphy [16]) (Rock [17])
NaCl 103.0 103.0 110.0 98.0 90.0
KCl 2.4 2.4 5.1 5.0 5.0
CaCl2.2H20 1.8 1.8 1.7 - -
MgClo.6H20 0.9 0.9 - - -
MgSO4 - - 0.8 - -
Nag.citrate 11.0 11.0 15.2 23.0 -
Citric acid 1.9 1.9 2.7 - -
NaHCOs3 23.2 10.4 35.0 - -
NaH9PO4H20O - 23.9 2.7 25.0 -
Histidine 21.9 - - - -
Na.acetate - - - - 27.0
Na.gluconate - - - - 23.0
Glucose 22.0 22.0 35.5 - -

clear that it is also possible to improve the quality of the platelet product
as well. In 1985, Rock and Adams [4] published a study in Transfusion
which suggested that platelets could be stored succesfully for 3 days in a
modified Tyrode solution with citrate and glucose and with buffer(s)
(histidine, phosphate, bicarbonate, Table 1). Storage was carried out in
firstgeneration platelet containers (PL-146) at room temperature. The
authors showed that platelets stored in these nearly plasma-free suspend-
ing media (approximately 10 mL of plasma was left after extraction)
maintained good respiratory activity and aggregation response, similar
to what was observed with storage in CPD-plasma. However, a major
problem with storage of platelets in plasma-free media surfaced with
these studies. With storage of platelets in the modified Tyrode solution
without addition of histidine or phosphate buffer, a marked drop in pH
was observed during storage, reaching 6.1 after 3 days. Addition of his-
tidine and bicarbonate or phosphate prevented some of this pH fall, with
levels of 6.7 and 6.4 after 3 days of storage, respectively. Since fall in pH
to levels below 6.7 with storage of platelets has been associated with
marked morphological alterations [5] with complete loss of viability at
pH below 6.1 [3], this represented a serious problem for storage beyond
3 days in these solutions.

Studies by Murphy and coworkers have shown that the cause of the pH
fall with room temperature storage of platelet concentrates is the con-
tinuous, steady production of lactic acid by metabolism of glucose [3].
Surprisingly, this occurs despite an adequate supply of oxygen since it
also takes place during storage in second-generation, highly oxygen-
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permeable containers [6]. With platelets suspended in CPD-plasma,
fall in pH occurs when lactate levels exceed 20-25 mM when all the
bicarbonate buffering capacity of plasma has been exhausted. In order
to avoid this problem, two approaches have been taken in the development
of synthetic media:

1. use of glucose, but with increased medium buffering capacity to neu-

tralize the lactic acid,
2. storage in a glucose-free medium to avoid lactic acid production.

Development of a synthetic medium with glucose and with sodium
bicarbonate as buffer

Based on a systematic investigation over the last three years, our labor-
atory has arrived at a composition of a synthetic medium (PAS) which is
listed in Table 1. It differs from Rock’s modified Tyrode solution in that
the amount of KCI has been doubled and that more glucose, sodium bi-
carbonate, and citrate has been added. In our hands, 5 mM of KCI was
the optimal concentration for an ionically balanced medium as defined
by a better preservation of platelet volume and response to hypotonic
shock during storage. The increased amounts of glucose, sodium bicar-
bonate, and citrate were necessary to sustain normal energy metabolism
and to prevent pH fall and clumping with storage beyond 3 days. The
addition of glucose to this medium was essential to allow maintenance
of normal ATP levels and platelet function beyond storage of 5 days [7].
Sodium bicarbonate rather than phosphate was used as a buffering sys-
tem since it was observed that the latter markedly stimulated glycolysis
with increased lactic acid output causing a fall in pH. The effect of phos-
phate on glycolysis has previously been reported for red cells [8].

Extensive in vitro and in vivo studies with platelets stored in PAS has
been carried out. In summary, these studies have shown that various pla-
telet én vitro properties are better maintained in PAS as compared in
CPDA-1 plasma, even when sodium bicarbonate was added to the latter
in order to prevent pH fall with prolonged storage [7]. The various in
vitro platelet properties such as ATP content, hypotonic shock response
(HSR), extent of shape change with ADP at day 10 of storage in PAS were
similar to or better than respective results for CPD-plasma at day 7 of
storage. However, it was also clear from this study that a substantial dete-
rioration of platelet quality took place in both media with increasing
storage duration.

In vivo studies have been performed which confirmed these in vitro
results [9]. In a recent study [10] a total of 25 paired studies comparing
PAS with CPDA-1 plasma with 5 days (n = 5), 7 days (n = 10), 10 days
(n =5), and 14 days (n = 5) of storage were carried out. In addition,
10 control studies using freshly prepared CPD-plasma PC were per-
formed. Superior percentage recoveries and longer survivals were found
for platelets stored in the synthetic medium when compared to CPDA-1
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plasma. A parallel reduction was also noted in both survival and recovery
with increasing storage duration. Since platelet availability to the reci-
pient may be defined in terms of both recovery and survival, itwas logical
to quantify the platelet availability as the area under the platelet survival
curve (post-transfusion efficacy). Analogous with previous in vitroresults,
it was found that platelets stored for 10 days in PAS had post-transfusion
efficacy similar to platelets stored for 7 days in CPDA-1 plasma. Again, it
was clear that substantial loss of in vivoviability took place during storage:
in terms of post-transfusion efficacy, platelets stored for 7 days in PAS
and for 5 days in CPDA-1 plasma were only 70% and 63% as effective as
freshly prepared PC.

Significant correlations between in vitro parameters (ATP and lactate
levels, HSR and discoid shape) and post-transfusion efficacy were found
in these studies. Interestingly, the best in vitro predictor of in vivoviability
was the rate of lactate production, r = -0.79. This was observed inde-
pendent of the storage period. This inverse relationship between in vivo
viability and lactate production, has been observed in several studies
[11,12] and suggests that an elevated platelet metabolic activity may be
an important factor contributing to the loss of viability during storage.

Bode and Miller have suggested that platelet storage lesion is caused
by activation or stimulation [13,14]. We have speculated that platelet
activation may increase the level of metabolic activity and, thereby,
“exhaust” the performance of the respiratory system in providing ATP
to sustain various cellular functions related to maintenance of viability
and function [10]. In order to test this, our laboratory in collaboration
with Bode, has stored platelets under conditions where the potential for
activation has been reduced. PC were stored in PAS to which inhibitors
of platelet activation, PGE1 (300 uM) + theophylline (1.9 mM), had
been added. Previously, Bode and Miller have shown that platelets stored
in CPD-plasma in the presence of PGE1 + theophylline have improved
maintenance of in vitro characteristics with prolonged storage [13]. In
addition, storage was carried out in PL-732 containers in which the sur-
face-to-volume ratio had been reduced by 40%. This was done to reduce
the likelihood of platelet activation by collisions with the container walls.
It was observed that the metabolic rate was markedly reduced under
these storage conditions as reflected by a decrease of 16% in oxygen
consumption and a decrease of 31% of lactate production on day 1
of storage [15]. Furthermore, the reduced metabolic rate was related to
improved maintenance of respiratory activity, ATP levels, GP1b levels,
and other in vitro properties believed to reflect platelet viability during
prolonged storage. These results suggest that an improvement in PC
quality and prolongation of shelf life may be achieved by use of inhibitors
of platelet activation, thereby reducing the metabolic activity of the
platelets during storage.

A medium such as PAS, containing glucose and bicarbonate, may pose
some manufacturing problems. Ata pH 7.2-7.4, glucose caramelizes with
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heat sterilization, and bicarbonate in solution at this pH is not stable.
However, these problems may be solved by storage of the sodium bicar-
bonate solution at alkaline pH (where it is stable) separate from the re-
maining solution and combining these two solutions at the time when
the platelet concentrate is prepared.

Storage of platelets in glucose-free additive solutions

Due to the concerns described above, the possibility of storage in a
glucose-free medium has been explored by several workers [16,17].
Based on previous work conducted by Murphy and co-workers [6], it has
been suggested that platelets derive 85% of their energy (ATP regener-
ation) by respiration. The ratio of the amount of glucose consumed to
the amountof lactate produced also suggested that almostall the glucose
utilized was converted by glycolysis to lactic acid.

This indicated that substrates other than glucose, perhaps fatty or
amino acids, provided most of the energy for the platelets during stor-
age. Recent studies by Murphy and co-workers have suggested that major
oxidative substrates may be fatty acids [18]. Our laboratory has investi-
gated the possibility of storing platelets in a glucose-free medium to
which amino or fatty acids have been added [19]. However, despite
numerous attempts using various combinations of fatty (linoleic, oleic)
and amino acids (glutamine), little or no improvement in platelet
quality (ATP levels, morphology, hypotonic shock, respiratory activity
and response to ADP stimulation) has been obtained as compared to
storage in a control medium containing no substrates for energy meta-
bolism. On the other hand, the addition of glucose to the control me-
dium has been found to markedly improve the platelet quality as
observed at 5 and 10 days of storage [7,19]. Interestingly, platelets stored
in the substrate-free control medium had not completely lost their via-
bility as suggested by the in vivo parameters after 5 days of storage, which
suggests that platelets may be able to obtain energy through respiration
using an internal substrate.

Other workers have also stored platelets in artificial media without
dextrose. However, some dextrose, approximately 3.2 mM, is present in
these “glucose-free” media due to plasma carryover from the preparation
of the concentrates. Adams and Rock have reported that platelets stored
for 5 days in Plasmalyte-A (see Table 1) with citrate, but no glucose
added, had similar functional characteristics as platelets stored in the
same medium to which glucose has been added [17]. Apparently, the
amount of glucose was sufficient to maintain normal energy metabolism
for 5 days of storage as the amounts of glucose consumed and lactate
produced by the platelets were the same in Plasmalyte-A with and with-
outglucose. Interestingly, there was a substantial decrease in the amount
of lactate produced by the platelets in Plasmalyte-A as compared to CPD-
plasma. This explains why no fall in pH was observed with 5 days of stor-
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age in Plasmalyte-A since this medium does not have significant buffer-
ing capacity.

We have confirmed Rock and Adams findings in our laboratory.
Table 2 shows the results of a paired study in which Plasmalyte-A (with
glucose and citrate) was compared to our synthetic medium (PAS) using
CPD-plasma as control. The final synthetic resuspending media con-
tained 5-10 ml carryover plasma. The amount of lactate in Plasmalyte-A
after 5 days of PC storage was only 5.4 mM compared to 8.3 mM in PAS.
Both levels are substantially less than that found for PC in CPD-plasma,
12.2 mM. Since the decreased lactate production was accompanied by a
significantly increased rate of platelet oxygen consumption in Plasma-
lyte-A, it is suggested that more energy production was achieved by res-
piration and less by glycolysis by the platelets suspended in this medium.
This observation may be of major importance in the development of syn-
thetic storage media for platelets since it points out the possibility of
lessening the amount of glucose consumed and lactate produced by
the platelets during storage by using appropriate modifications of the
medium in order to convert energy metabolism from glycolysis to respir-
ation. A substantial decrease in the glycolytic rate may eliminate the need
for glucose and a buffering system which, as pointed out earlier, is a com-
bination that poses some problems in the manufacture of storage solu-
tions.

Murphy has developed a glucose-free, phosphate-containing medium
(PSM) which allows for steam sterilization at neutral pH and prevents
excessive pH fall with storage up to 10 days [16]. As shown in Table 1,
this medium contains a substantial amount of phosphate (25 mM),
which is used to buffer lactic acid produced from metabolism of glucose
present in “carryover” plasma. Preliminary unpaired studies suggested

Table 2. Comparison of PC stored in Plasmalyte-A (with citrate and glucose) with
PC stored in PAS.

Plasmalyte-A PAS CPD-plasma

with citrate and

glucose
pH 69 + 0.1' 72+ 02 72+ 01
C(O2)nmoles/min/10 1 plts 1.6 + 0.4! 12+ 03 12+ 03
Lactate, mM 54+ 1.1 83+ 1.6 121+ 3.1
HSR? 68 + 17 71 +14 76 +13
ESC? 15 + 5 16 + 4 12 £ 5

1. Significant difference (paired t-test, p <0.05).

2. Hypotonic shock response (measured photometrically).

3. Extend of shape change with ADP (measured photometrically as % increase
in O.D.).
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that storage of platelets in PSM gave similar in vivoviability results as with
storage in plasma [16]. However, a recent confirmatory study involving
three laboratories, and in which paired studies were conducted with pla-
telets from each donor stored in both PSM and plasma, showed poorer
in vivo results with PSM-suspended platelets with 5 days of storage [20].
The reduced viability of platelets in PSM was related to a 50% reduction
in the response to hypotonic shock and a 9% increase in mean cell
volume during storage which may suggest a loss in the integrity of the
platelet membrane or to ATP-dependent Na/K pump activity. The latter
may be a likely explanation since it was demonstrated by our laboratory
that the loss of platelet viability (post-transfusion efficacy) in PSM was re-
lated to a failure in maintenance of normal adenine nucleotide levels
(r = —0.86). This may indicate that the amount of glucose present in
carryover plasma was not sufficient to sustain the metabolic rate of the
platelets, which appears to be substantially elevated by the phosphate
concentration present in this medium.

After only 1 day of storage, most of the glucose from carryover plasma
(approximately 3.2 mM) was consumed and converted to lactic acid
(6.3 mM) with platelets suspended in PSM. This glycolytic rate is two to
three times higher than found with platelets stored in Plasmalyte-A or in
PAS, which show lactate levels of 1.8 and 2.8 mM respectively, after 1 day
of storage. Since the probable cause for this increased rate of glucose
consumption in PSM is phosphate, which is known to stimulate glyco-
lysis, it appears that its use as buffer may not be appropriate in a platelet
preservation medium.

Possible directions for futher development of platelet preservation
media

Although it may be unlikely that PGE1 and theophylline will be used in
practical, useful, artificial platelet media, their effect demonstrates the
potential of further improvement in platelet quality. The basis for this
appears to be reduction in metabolic activity by using storage conditions
where platelet activation/stimulation is minimized. Another possibility,
as shown by the recent promising storage studies using Plasmalyte-A
[17,21], is to modify the components of the medium in order to reduce
the glycolytic rate and, thus, the output of lactic acid by glycolysis, there-
by abolishing the need for glucose and a buffering system.

Some potential problems may surface with the introduction of plate-
let synthetic storage media. Currently, special additive solutions are used
for the storage of red cells. The introduction of a special platelet additive
solution will mean that a new pack containing this solution has to be
manufactured which could mean extra cost and labor for the blood bank
industry. In order to avoid this, we have modified our platelet additive
solution so that it may be used also for storage of red cells. Preliminary
in vitro and in vivo studies using this combined storage solution have
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indicated good maintenance of both platelet and red cell quality similar
to storage in CPD-plasma (platelets) and in ADSOL (red cells) [22].
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SEPARATION AND PURIFICATION OF COLD
INSOLUBLE GLOBULINES

C.Th. Smit Sibinga, P.C. Das

The cold insoluble globulins (CIG) fraction of human plasma proteins
comprises a significant amount of the total protein mass and consists of
the bulk proteins fibrinogen and fibronectin, and the trace proteins fac-
tor VIII/von Willebrand factor complex and factor XIII (fibrin stabiliz-
ing factor).

Each of these globulins has the characteristic of changing face over a
specific temperature range, thus allowing separation from the remain-
ing plasma proteins. There are certain substances that enhance phase
change or precipitability of these globulins, for instance heparin and gly-
cine. The temperature ranges over which the different globulins of the
CIG fraction change phase show a considerable overlap, although each
seems to have an optimum for gel formation. Separation and purifica-
tion of the CIG can be achieved basically through simple physical prin-
ciples of cooling and warming, process which is usually called
cryoprecipitation. The transition of the sol phase to the gel phase and
back takes place at low temperatures, close to 0°C. At that point plasma
supercooling and ice crystal formation do also occur and may adversely
affect the preservation of molecular integrity and biological fraction of
the respective CIG’s. Therefore, both the cooling (freezing) and the
warming (thawing) process need to be carefully conditioned and con-
trolled in order to recover optimal qualities and quantities of CIG’s.

Conditions of cooling

When cooling plasma to separate and purify CIG’s, two major areas of
critical attention are to be distinguished: The medium and cooling
process persé (Table 1).

The medium — Plasma is about 90% water and around 7% proteins. To
recover plasma anticoagulation is needed, which is traditionally
achieved by using citrate to chelate the divalent cation Ca?*. Most anti-
coagulant solutions also contain preservatives such as phosphate,
dextrose and adenine, which affect the ionic strength of the medium.
The citrate concentration is usually enforced by the addition of citric
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Cooling snap-freezing
=70°C

|

Warming rocking waterbath
4°C — supernatant

cryoprecipitate

Warming redissolving «— addition
37°C heparin

Cooling rocking waterbath
0°C
—— supernatant
CIG precipitation

|

Warming redissolving «— addition
37°C glycine/Ca?*
Cooling rocking waterbath
10°C
CIG precipitate CIG supernatant
Fibrinogen/fibronectin FVIII/vWF

Scheme 1. Separation and purification of CIG from plasma.

Table 1. Conditions of cooling (freezing).

Medium pH
calcium concentration
ionic strength

Cooling rate
heat exchange
eutectic point
temperature control
time
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Table 2. Stepwise recovery of factor VIII (IU/kg) from ACD and CPD plasma. The
recovery of each step from CPD plasma differs significantly (s) from ACD plasma.

Factor VIII, IU/kg

ACD CPD
Oxford 51 packs
Plasma cores 710 810 s
Cryo extract 325 367 s
Final product 210 256 s

From: Smith JK, Evans DR. In: Plasma fractionation and blood transfusion. Smit
Sibinga CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.

acid, determining the pH of the medium. Smith and Evans [1] illus-
trated the effect of both ACD and CPD on the recovery of the trace CIG
factor VIII, by analyzing the separation and purification procedure step-
wise (Table 2). The less acid CPD containing medium showed a signifi-
cantly greater recovery of functional FVIII:C as compared to ACD over
the respective steps of plasma freezing (core samples), cryoprecipitate
extraction and final purified product. Prowse [2] demonstrated the fa-
vourable effect of restoring the divalent cation concentration (Ca ") to
near normal or reversely lowering the citrate concentration in plasma,
on the recovery of the trace CIG FVIII:C. This was compared to the re-
covery from plasma anticoagulated with heparin to allow the medium to
keep a normal Ca®* concentration (Table 3 and 4). Addition of 10mM
CaCl2 to CPD plasma showed a significant restorative effect on FVIII:C
activity, whereas increasing the amount of citrate added to heparin plasma
significantly affected the FVIII:C recovery adversely (Table 3). Drawing

Table 3. Effect of calcium on the initial (CPD and heparin) factor VIII concentra-
tion (%).

Plasma type (n=6) Addition % initial FVIII:C
6 hours 20 hours
CPD plasma none 74 + 22 61 £ 11
10 mM CaClg +
2 U/ml heparin - 81 + 14
20 mM + idem - 83 £ 13
Heparin plasma none 100 £ 20 78 £ 12
10 mM citrate - 70 £ 8
20 mM citrate - b + 1
10 mM CaCl2 - 96 + 13

From: Smith JK, Evans DR. In: Plasma fractionation and blood transfusion. Smit
Sibinga CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.
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Table 4. The effect of lowering amounts of citrate on factor VIII recovery. Fibrino-
peptide A (FpA) is measured to indicate activation.

Final plasma VIL:Cat22h FpA Ca** pH
citrate (mM) (TU/dl) (ng/ml) (UM)
20 (neat CPD) 68 + 17 40 25 7.6
16 71 + 13 30 36 7.7
12 80 + 16 28 61 7.7
10 76 + 20 25 77 7.7
8 86 + 17 17 96 7.7
4 clot at 30’ 13.350 276 7.8
Heparin 92 + 22 23 955 7.9

From: Prowse CV. In: Plasma fractionation and blood transfusion. Smit Sibinga
CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.

blood in serially lowering amounts of citrate (20 mmM—-4 mM) shows
that concentrations as low as 8 mM do recover substantially better
amounts of FVIII:C without activation of the procoagulant activity as
measured by fibrinopeptide A (Table 4). Heparin controls showed a
stabilizing effect on FVII:C over the time (Table 3) and a seemingly
higher initial FVIII:C recovery (Table 4). This raises the question of what
anticoagulant is preferred and what advantageous effects are to be ex-
pected from using heparin. Heparin could be used either as a primary
anticoagulant or added to citrated plasma. In both conditions the pre-
cipitability of CIG and the recovery of FVIII:C are enhanced, an obser-
vation which was in principle described by Morrison in the 1940’s [3].
The enhancing effects on the gel formation or cryoprecipitation permits
a better CIG purification. On the other hand heparin is not acceptable
as a primary anticoagulant for the cellular components and the remain-
ing CIG poor plasma, because of its rapid loss of function. Mikaelsson
et al [4] looked into the effect of Ca*" on the molecular integrity and
biological activity of the trace CIG FVIII:C at 37°C over a 30 hours time
incubation (Figure 1a and 1b). CPD plasma with or without heparin be-
haved equal, showing a rapid loss of activity over the first 5 hours where
heparin plasma showed a significantly less progressive decline in FVIII:C
activity. Addition of CaCle to a final concentration of 20 mM to hepa-
rinized CPD plasma (prevention from clot formation) remarkably stabi-
lized the FVIII:C activity over the entire period of incubation. These
experiments have been repeated under different conditions by amongst
others Krachmalnikoff et al [5] showing the importance of the presence
of optimal divalent cation concentrations in the medium for the
recovery of specifically the trace CIG FVIII:C, where heparin plays a
secondary role in enhancing the process of phase change.
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Figure 1. a. Stablhty of FVIIL:C in CPD and heparin plasma at 37°C.
b.Effect of Ca®* on the stability of FVIIL:C in plasma at 37°C.

O =CPD plasma, @ = heparinized CPD plasma, d = heparin plasma.
From: Mikaelsson ME, et al. Blood 1983;62:1006-15.
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The cooling process — Plasma when collected from the donor has to be
cooled from 37°C. The first step in the processing is the separation from
the cells by centrifugation, which usually results in cooling down to ap-
proximately 18-20°C in the core of the bags. The second step is the freez-
ing process which needs specific attention. Here, the composition of the
plasma determining the eutectic point which normally is around -27°C,
the quality of the heat exchange accomplished by the way of applying the
physical conditions of cooling and the area of exposure or thicknes of
the layer of plasma are of paramount importance to achieve an optimal
freezing process. The cooling can be done by different physical means,
for instance alcohol/dry-ice, circulating supercooled N2 or CO2 gas or

20y °C CORE

104
0
-10-
-60°C
_‘Zo—
-27 ]
-30- - \ -76°C
| I f T L %
0 2 L 6 8 10 1 TIME(min)

Figure 2. Effect of alcohol-dry ice starting temperature (® =-60°C, B =-70°C)
on core temperature during plasma freezing (bags in horizontal position).
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Table 5. Time of core freezing plasma in two thicknesses of layer (4 cm and 2 cm)
and under fast and slow freezing conditions.

Freezing condition Temperature Thickness of plasma layers
medium

4cm 2 cm
Alcohol dry ice - 70°C 11 min 7 min .
Circulating No-gas -100°C 12 min 10 min ast
Stationary air - 30°C 4 hrs 3 hrs 1
Idem + insulation - 30°C 19 hrs 15 hrs slow

From: Over J et al. In: Plasma fractionation and blood transfusion. Smit Sibinga
CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.

other means. Important are the temperature of the cooling environ-
ment during the freezing process and a constant exchange of tempera-
ture from the environment into the plasma and vice versa in which the
surface area can contribute to optimize this exchange. Fiets and Feitsma
[6] did an experiment where standard 450 ml bags filled with 250 ml of
plasmawere layered horizontally in a stainless steel meshwork basketand
plunged into alcohol cooled with dry-ice to temperatures of respectively
-60°C and -70°C. Temperatures were recorded continously through
probes positioned in the cores of the bags. Additonal dry-ice induced a
circulation by the escape of gas bubbles from the bottom of the alcohol
container. Rapid cooling down to zero occurred, followed by a short
period of supercooling and a slower freezing of the plasma. A constant
temperature of —=70°C made the core of the bags reach the eutectic point
within 9 minutes (Figure 2). Similar experiments were done by amongst
others Over etal [7]. They looked at the effect of different freezing con-
ditions and different thicknesses of plasma layer on the recovery of the
bulk CIG fibrinogen and the trace CIG FVIII:C (Table 5 and 6). Fast
freezing was accomplished with either alcohol/dry-ice (-70°C) or cir-

Table 6. Effect of fast and slow freezing condition on FVIII:C, fibrinogen recovery
and total protein.

Freezing condition Temperature FVIIL:C Fibrinogen  Total
medium 10/1 g/1 protein
g/1
Alcohol dry ice - 70°C 467 10.5 23.2
Circulating No-gas -100°C 513 11.2 23.7
Stationary air - 30°C 490 13.0 29.5
Idem + insulation - 30°C 433 14.6 34.9

From: Over | et al. In: Plasma fractionation and blood transfusion. Smit Sibinga
CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.
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culating Ng gas (-100°C), where slow freezing was done with stationary
air in a mechanical freezer (-30°C) or having the plasma bags positioned
in an insulating polystyrene container in stationary air (-30°C). Tempera-
tures were measured in the cores of the horizontally positioned plasma
bags. In both conditions of slow and fast freezing a thin layer of plasma
resulted in a shorter time needed for core freezing than a thicker plasma
layer. The recovery of CIG’s related to the total protein in the CIG frac-
tion (fibrinogen to total protein ratio) was better when fast freezing con-
ditions were applied: Total protein respectively 23.2 and 23.7 g/1 versus
29.5 and 34.9 g/1 reflecting the effect of moving corewards the plasma
constituents when from the surface of the mass the water is frozen,

relative
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Figure 3. Core-accumulation of plasma constituents in plasma, frozen slowly (sta-
tionary air insulated —=30°C) in thin (2 cm) and thick layer (4cm).
From: Over ], et al. In: Plasma fractionation and blood transfusion. Smit Sibinga

CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.
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changing slowly the freezing point of the mass. When in the time over
both slow freezing procedures core concentrations of crystalloids and
proteins are followed, the relative concentrations double or almost triple
over the freezing period, affecting seriously the ionic strength,
osmolarity and viscosity of the core mass (Figure 3a and 3b). These
changes do effect the molecular structure and biological function of
particularly the factorVIIl/von Willebrand factor complex in the CIG
fraction. So, it is recommended to keep the conditions of cooling and
freezing as optimal as possible: pH and ionic strength of the medium, a
fast cooling and freezing procedure in a thin layer of plasma to guaran-
tee a rapid cooling to below the eutectic point to achieve a fast and solid
core freezing.

Conditions of warming (thawing)

To separate the CIG from the remaining plasma protein mass warming
of the frozen plasma under controlled conditions is done. Here, the
same two areas of critical attention are to be distinguished: The medium
and the warming process per sé (Table 7).

The medium—During the warming process ice crystals melt and will dis-
solve gradually the crystalloids, proteins and other constituents that
belong to the solute fraction atlow temperatures. This doesindeed affect
the pH and the ionic strength over the period of melting and may there-
fore further affect the molecular integrity and the biological function of
the CIG’s in the gel phase. The presence of agents enhancing the phase
change process such as heparin and glycine are of importance to solidify
the gel formed during cooling.

The warming process — Similar to the cooling process, warming or thaw-
ing is very much dependent on the rate of heat exchange, the tempera-
tures applied and the control of the warming process. Time and
determination of the desired endpoint to recover an optimal amount of
CIG gel are of extreme importance as continuation of the thawing pro-
cess passing 0°C may lead to a reverse change of phase back into the
solute state. This implicitly means a loss of CIG in the supernatant. There
are two major approaches in the thawing of frozen plasma in order to
separate the CIG fraction:

Table 7. Conditions of heating (thawing).

Medium pH
ionic strength

Heating rate
heat exchange
temperature control
time
determination of end point




138

Table 8. Time of thawing plasma as a batch or by thaw-siphoning under fast and
slow thawing conditions.

Thawing conditions Temperature Technique of thawing plasma
medium

batch thaw-siphon
Waterbath 20°C 15 min 12 min
Waterbath 4°C 1hr 45 min fast
Stationary air 4°C 20 hrs 90 min slow

From: Over J, et al. In: Plasma fractionation and blood transfusion. Smit Sibinga
CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.
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Figure 4. Effect of thaw-siphoning.

a. Depigmentation during thaw-siphoning, with (a) and without (b) tension.

b. Composition of the thaw-siphoning supernatant in consecutively collected
samples; total protein (a), fibrinogen (b) and FVIIL:C (c).



139

1. batch thawing, where solute and gel mix together over the melting
process.

2. thaw-siphoning or continuous thawing, where in principle the solute
is continuously separated from the gel during the melting process.

Evidently the warming can be done in a fast and slow way and at different
temperatures of environment. Compared to the batch thawing, continu-
ous approach is always faster irrespective of the temperatures applied.
Over et al. have done experiments in which batch and thaw-siphoning
of frozen plasma are compared when applying a waterbath at 20°C or
4°C, and stationary air at 4°C. The results clearly show the time effect of
thaw-siphoning over the batch process (Table 8). Thaw-siphoning was
first described by Mason in 1978 [8]; when thawing a bag of frozen plas-
ma in a circulating waterbath at 4°C and allowing the melting solute to
be siphoned off continuously, a much larger gel of CIG, a cryoprecipi-
tate, was recovered. When analyzing this principle, melting of ice crystals
seem to form capillary shaped channels through which the water and dis-
solved solutes are drained away, leaving the CIG gel behind (Figure 4a
and 4b). The experiments done by Doorenbos in 1979 [9] show that
under the conditions applied a certain amount of CIG (both fibrinogen
and FVIII:C) redissolve from the gel phase into the sol phase over this
process up to a certain point where obviously almost all water has been
siphoned off, determining the endpoint of the separation process. Over
etal [7] compared the effect of the different melting conditions of factor
VIII recovery and specific activity, both for fast and slow frozen plasma
(Figure ba and 5b). Here, also the siphoning off of the melted solute in
combination with a fast freezing process resulted in superior recoveries
at very acceptable specific activities of this crude CIG mass cryoprecipi-
tate. For large scale operations the principle has been adapted to a sys-
tem of slow and gradual conditioning of the frozen plasma mass from
—40°C to =10°C over a period of 5 hours, followed by a fast melting pro-
cess under controlled conditions of warming (temperatures and ex-
change, Figure 6). Foster et al [10] demonstrated the ultimate superior
effect of this approach on the recovery of FVIII:C in the CIG fraction
from CPD plasma frozen within 6 hours following collection (Table 9).

Separation and purification of the different CIG’s

When we combine the different aspects discussed, both in the cooling

and the warming, the following principles could be included:

1. collection of plasma by plasmapheresis and immediate restoring in a
closed multiple bag system of the calcium concentration using a solution
of calcium lactate and heparin (Figure 7).

2. snap-freezing the plasma as a thin layer in the horizontal position in
alcohol/dry-ice at —=70°C.
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From: Over J et al in Smit Sibinga C Th, Das PC, Seidl S
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From: Foster PR, Dickson AJ. In: Plasma fractionation and blood transfusion.
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Table 9. Recovery of factor VIII from CPD plasma during continuous and batch
thawing. Continuous thawing shows a significantly (s) better recovery, irrespective

from cryoprecipitation 6 or 18 hours after collection.

6 hrs CPD plasma Continuous thaw Batch thaw
cryoprecipitate (n=20) (n=20)

Weight (g/1 plasma) 9.04 £+ 0.64 849 + 1.37
Protein (g/1 plasma) 1.18 £+ 0.10 1.06 £+ 0.20
FVIIL:C (IU/1 plasma) 479.3 + 101.1 s 3165 + 60.4
18 hrs CPD plasma Continuous thaw Batch thaw
cryoprecipitate (n=12) (n=12)

Weight (g/1 plasma) 953 £ 1084 893+ 214
Protein (g/1 plasma) 124 +  0.17 088 = 0.32
FVIIIL:C (IU/1 plasma) 3706 * 66.8 s 2782 + 95.6

From: Foster PR, Dickson AJ. In: Plasma fractionation and blood transfusion. Smit

Sibinga CTh, Das PC, Seidl S (eds). Martinus Nijhoff Publ. 1985.
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Heparin-
Plas ag Ca lactate Citrate-
bag bag

Figure 7. Plasmapheresis set (closed multiple bag system) for collection of
citrated plasma (machine-apheresis) and conversion into heparin for CIG-puri-
fication.

3. warming at 4°C under the optimal conditions of heat exchange in a
rocking waterbath and a carefully controlled timing. This allows re-
covery of an optimal mass of CIG, a first cryoprecipitate containing all
CIG’s.

4. redissolving this mass quickly at 37°C and addition of extra heparin
to enhance a second phase change to allow separation of bulk CIG’s
from trace CIG’s.

5. cooling to 0°C in a rocking waterbath allows a first separation of CIG
fractions. This gel precipitate shows characteristics of an intermediate
purity factor VIII/von Willebrand concentrate, but still contains a
considerable amount of fibrinogen and also it has concentrated part
of the enhancing factor heparin (Table 10).

6 redissolving this fraction completely at 37°C and adding calcium and
a second phase change enhancing agent glycine, allows further sep-
aration and purification of CIG’s.

7. setting the temperature for the phase change at 10°C in a rocking
waterbath, allows the formation of a gel, rich in fibrinogen and fibro-
nectin, leaving the trace CIG factor VIII/von Willebrand factor com-
plex almost entirely in the sol phase.
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Table 10. Comparison of characteristics of routinely produced heparin factor VIII
preparations. Hep/CIG = double cold precipitation technique. Hep/CIG S =
triple cold precipitation technique.

Hep/CIG Hep/CIG S

FVIII:C IU/ml 18 22
Total protein g/l 30 15
Fibrinogen g/l 20 5
Heparin IU/ml 7 0.5
pH 6.98 6.94

Osmolarity mosm/kg 350 300
Specific activity 0.6 1.5
Reconstruction time min 10 3
Appearance opalescent clear

8. recovery by centrifugation at 10°C of the supernatant provides a puri-
fied factor VIII/von Willebrand factor concentrate stabilized by the
extra amount of divalent cation and without the presence of glycine
or heparin. This purified concentrate has the characteristics of a high
purity factor VIII preparation at specific activities of 1.5 or more
(Table 10).

9. the third cryoprecipitate can be used for the preparation of a purified
fibronectin.

The overall loss of factor VIII activity following this procedure and ap-
plying the different principles is in the order of 65% as compared to con-
ventional methodology, which usually recovers 20% at the best.

Conclusion

Plasma CIG’s consist of bulk and trace proteins of which the factor
VIII/von Willebrand factor complex is regarded to be clinically the most
important. Each of the CIG’s has its own specific temperature range and
optimum for changing phase from sol to gel and back. The presence of
enhancing agents such as heparin and glycine does enforce the gel for-
mation, where pH and ionic strength together with presence of the
divalent cation calcium at physiological levels stabilizes the trace CIG
factor VIII/von Willebrand factor complex. This favourably affects the
recovery of this specific CIG, while safeguarding the molecular integrity
and biological function of the proteins. Finally, application of simple
physical principles of cooling and warming under standardized condi-
tions of heat exchange, time, pH and ionic strength allows separation
and purification of CIG fractions, specifically factor VIII /von Willebrand
factor complex and fibronectin at minimal