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ABSTRACT
THERMODYNAMIC AND KINETIC ASPECTS OF
HUNAN ERYTHROCYTE HEMOLYSIS IN
BYPERTONIC SOLUTION OVER TEMNPERATURE
RANGE OF -10 TO 25 C

By
ANIR M, FALLAHI

Thermodynamic and kinetic analysis of biomembranes subject to
thermal and chemical perturbations is applied using the human red
blood cell as a model systeam. Since ochemical and thermal effects
occur simultaneously during the freezing and thawing of living cells,
a complete data base in the form of the hemolysis kinetics as a
function of solute concentration and temperature is generated for the
human red blood cell. To decouple the chemical and the thermal
effects an improved stop-flow system equipped with temperature comtrol
has been designed and developed to measure the destruction dynamics of
the red blood cell. The stop-flow technique provides very rapid
mixing aand therefore the damage dynamics for short times (order of
seconds) is obtained. This technique represents a definite advantage
as ocempared to the standard technique for hemolyis measurement
(inferred by static measurement of the hemoglobin absorption) with
characteristic times on the order of several minutes. Specifically,
the hemolysis kinetics for the human red blood cell population induced

by un-buffered sodium chloride solution s between 2m and 4m are



Amir M. Fallahi
preseated for temperatures betweem -5 and 25°. The rate of the
destructive hemolysis reaction is characteristically very rapid at
short times compared to that at relatively long times for all
temperatures and concentrations. The appearance of measurable damage
in the stop flow device is delayed for sub-ambient temperatures. The
characteristic time (delay time) is on the order of 3.5 minutes for 2m
concentration, about 1 minute for the 2.5m concentration and several
seconds for higher concentrations. Compared to room temperature, the
damage process at sub-ambient temperatures proceeds at higher rates
for relatively long times. That is, the transition from the iaitial
rapid rates to the final slow rates are smoother and delayed. The
largest offect of the reduced temperature in survival is observed when
the isothermal temperature is dropped from 25 to 10°C. Further
decreases in temperature have comparatively less significant effect.
The hemolysis process is treated as a chemical reaction of the blood
cell sample uui hypertonic sodium chloride solution. The temperature
and the sodium chloride concentration dependence of the hemolysis
kinetics is interpreted in terms of the 1st and 2nd order rate laws
for short exposure times. The thermodynamic activation parzameters
associated with these kinetics have been analysed. On the basis of
these results, it is postulated that dissolution of one or more
membrane components is responsible for cell injury due to the exposure
to hypertonmic sodium chloride. A theoretical argument in support of

the dissolution theory is given.



To my

parents, Javad and Afkham ..

wife, Sima ...

and

sons, Kianoosh and Kiasmar:



ACENOWLEDGEMENT

I would 1like to thank the members of my dissertation
committees Professor MNcGrath, Professor Tien, Professor Anderson

and Professor Atreya for their guidance throughout this effort.

A special thanks is due to my thesis advisor, John MNcGrath,
whose enthusiasm and dedication to research inspired his students
including the author of the preseat work.  His commitmeat to
science and hilc fantastic personality created the most pleasaat

research and learning enviromment.
My deepest appreciation must go to my parents and my wife

whose 1love, encouragement, and understanding helped me overcome

the most difficult situations throughout these many years.

ii



TABLE OF CONTENT
Page
Li't of T.bl.'....lCQ..I.......O...Q..Cl..'.ll..'l'...l...'...viii

Li.t Of Fi.n’.'c‘.llIQQOCClo.o.l.cnooooo.t‘..ooc.C.QQ'Q.QOQ'.. X

Chlpt.t I: Inttoduct‘on..ooc‘..c.o........0.00.0000.00.0‘.'00. 1
A. B'ck.roud...I..O.......l‘...l...‘l.".l'....l........l 5

B. Modes of Freezing Damage....cccccececccccccsssscssssnes 11

Chapter 1I: Membrane Structure, Function and Model
Membrane Systems...ccccccceccccccccsccscsccsscccse 24
A, The Cell Functiom..ccccecccccsccscsccssccccsacarcsccace 25
B. Membrane Structure and Functiol.eccccccococcccccocacece 27
1. Chemical Composition...ccceeeccoscccccccscsccscccece 28
2. Physical Properties of Membrane Components.......... 31
8. Lipidscccceccacececescscscssssoscscaccccscscccscs 32
b. Proteims.ccceccecccscccscocccccsccscsccscsscccase 36
C. Membrane Properties...cccccceccecsccscscscscsscscaccces 37
1. Chemicalicccccscescacsscsscsscsccsccacsasascavesncae 37
2, Mechamical.cceeeoecsecsscosccoccccssccsscsscsccasccas I
D. Forces and Membrane Self Assembly.....cccoceccccccacess 45

B. l.b‘.‘. l“.l.'...l.‘...l.l....‘.Ql....‘.....l.l...'.' ‘8

Chapter III: Osmotic Behavior of the Cell....cccevccacacncesee 352



A. '.t.t A"oci‘t.d 'ith unbr‘n. 90 0000000000 COOIOEOEOIEONPOSINPOSEEOPOSOTS
n. o“ot‘c Pt.'.u....0.."........‘......".....lll.'...l
C. Osmotic Response of the Cell..ccceccccrcccccccccccsaces

D. Description of Osmotic Hemolysis...ccevececcccecoccsocs

Chapter IV: Experimental System...cccceccscccecscsccecscccccns
A, Introduction to the Stop Flow System..cccccccccccccaccs

B. Major Components..ccccccecccscssscscscscsccscccccccncnnse

1. Delivery System.ccccccccccscccccsssccsccccssssccccns

2, Optical System..ccccocescccccccsscssscsssccsscsccscsas

3. Mizing System..cccceccccccccccccocscscososssscsssses

4- n.ﬂ.l conttOI s’.t“....l...'..l..C...O..l'l....ll

Chapter V: Operational Characteristics amd Calibration of the
sto’ m“ s’.t....l...l...."ll.......l...........
A. General Characteristics.ccccccecccccccccccsccscssscsccsss

1, Initial Transient of Output Signal.cccccccccsccccccse

55

63

74
76

80
86

92
92

96

2. The Cell Volume Bffect-Minimum Volume State......... 102

n. C‘libt.t‘o- 0! ﬂ. s’.t-....loOl.lt'..'n.l.o.lo.tco..o 101

1, Calibration of Percent Hemolysis as a Functionm of

N“-.li'.d photoo.ll volt.....ﬂ.'l.'..............l. 1“

2. Calibration of Percent Hematocrit as a Function of

photoo.ll volt.'....'........l...l...ll....l........ 113

iv



Chapter VI: Experimental Procedures for Determining Hemolysis
Kinoticsecececccesccecoscooncscssccesssssassncnnnese
A, Cell Hamdling.cececeoccocooccocsscssvsssccsscssosssosscsns

B. Procedure for the Determination of the Hemolysis

Kinetics due to an Isothermal Hypertonic Step Change of
the Extracellular Concentration...cccccceccceccccscccas
C. Control Experiments....ccccecccceccccsccsssssccccsccssss

D. Possible Source of Error in Measured Hemolysis: Shear

Eff.ct "‘n.‘nlt of l.pid li“n'.l.......l.....‘l....

Chapter VII: Experimental Results and Comparison With Other
WOrkS.cccsoceccecscscsssssscscoscoscccscacccsccsssans
A. Hemolysis at Different Temperatures Due to Osmotic
Porturbation.cccoccscsccccsccscccctccccccccccccccccnnas
B. Comparison of Present Data With Respect to Earlier Vork

By oth.: I“..ti'.t“........‘.C.‘...ll..l....l.....‘.l

Chapter VIII: Mechanism and Cause of Cell Injury as a Result
of External Perturbations.cicccccccccccccsccccne
A. Cause and Mechanism of Injury.ccccoccccccccccccccncnnne
1, CaUSO ccescsccscocsccroacscocassosssscosscscsscssosss

2. u.ch“iu‘.l..............‘.l..‘...l..l..........ﬁﬂﬁ.

B. Theoretical Argument in Support of the Dissolution

119

119

121

125

127

136

137

165

173
173
174

177



n.“y...........‘.......".......ll.ll...Q.‘I."....l.
1, Surface Tension-Surface Pressur®....cccccccceccccccs
2. Thermodynamic Development of Equation of State of

Bilayer Membrane-supporting the Loss of Membrane

.‘t.ti.lll.l........C.'.Cllll..l...'.l.‘.....ll.....

Chapter IX: Thermodynamic and Kinetic Treatment of Hemolysis

A.

C.

D.

DatB.cccecesscecsccocscsacacsoccsccscsocsoncscccssoce
Introduction.ccccceesccsccccsccccocscssccscscccsccccnccne
Hemolysis Reaction...cccceccccccscccccccssscccsscscsscsns
Rate Lav and Rate Constant...cceccececcccccceccccncconne
1. First Order Reaction (Rate Law)..ccccececccccccccace
2. Second Order Reaction (Rate Law)...ccccccecccccccacne
3. Mechanislm.ccesccceocccocsccacsccacccsccerssscossconae
Thermodynamics of Reaction Rates...ccccccecccccccccnnes
1. Temperature Dependence of the Rate of Reaction: The

Arrhenius Equation..cccccccecccccccccscscccscssoccnccne
2, Free EBnergy and EBnergy of Activationm.....cccccccecee

3. Experimental Activation Energy..cccccevcccccccoccnne

Chapter X: Conclusion and Suggestions for Future Work

A.

concln.ion..0...........‘..!.....'!........'..l.'l...ll

Suggestions for Future Work..ccccceeoocccccccsccsccccne

vi

185

186

190

200
200
203
208
210
211
213

214

214
216

219

240

24



l.f.t.nc..l..c..c.....COC..0-l..o..-tco..coooo.'oct‘..o.ool.c. 253

Ap’.ndix.....c.lo..olaOCCCI.OOC.C.00.l0..-0.000....0000......- 267

vii



Table

2.1

2.2

5.1

5.2

5.3

6.1

6.2

6.3

LIST OF TABLES
Page
Approximate Protein and Lipid Content of Several
.‘btn.‘..l...........‘....l.......l....'.....l... ”

Overall Composition of Human Erythrocyte Membrane... 30

Normalized Photocell Voltage at 4% Hematocrit as a

P‘.ction of N.CI .ol“it’.oc..an......ll.otol..... 105

Calibration of Percent Hemolysis as a Fumction of

Normalized Photocell Voltage...ccecccccsccsoscasses 111

Calibration of Photocell Voltage as a Function of

Porcont Hematoorit.cececcececcacscssescscsscsscscses 116
Comparison of Percent Hemolysis for Extermally
Mixed and Manually Injected Samples with Samples

Mixed and Delivered Through the Stop Flow Systc-..; 12

Perceat Hemolysis as a Function of Injection

Pt.“n.(a‘ N‘CI .t ”s‘)...'.......'.l...l..l.l.'l 131

Percent Hemolysis as a Function of Injection

Pr.l.lt.(sl N.cl ‘t 268‘)...'..0..............'.... 132

viii



6.5

7.1

7.2

7.3

9.2

9.3

Percent Hemolysis as a Function of Injection

Pt.‘.“.(“ N.CI ‘t 298‘).000‘0.-noo...t..ttco.o.'.

Percent Hemolysis as a Function of Injection
h...“.(‘. NaCl at 283‘)0...0.0l'.....‘.....‘..."

“A” Values (H% = Bte®A) for Differeant Time

Int.“.l.....‘..l"IC..l.l..l......l....“....‘..'.
Rate of Percent Hemolysis at 40 and 60 Seconds.....
Initial Hemolysis Rate (percent per secomd)........

Reaction Rate Constant and Activation Emergies for

1st and 2nd Order Reactionm Rate Laws...ccccccececee

Activation Parameters for 1lst and 2nd Order

..‘ctio‘ l.t‘ L“.l..‘..l'.....'.lDO....C...O..I...

The (Tc- A S’annu for Different Reaction

co“it‘o.".......‘Q.l.'..ll.........‘....C......O.

ix

133

134

147

149

14

212

222

236



LIST OF FIGURES

Figure

141

1.2

2.1

2.2

3.1

4.1

4.2

4.3

4.4

s.1

Survival Signature for Various Cell Types...ccccce.

A Method for a Supercooled Cell to Achieve

Bqulibriu.............‘.Ill‘..............".....

Typical Phospholipid Structures..ccccccccccccccccss

Cross-Sectional Diagram of Stable Phospholipid

su‘ctu.‘ 1‘ "t.t.l..‘...'C....O..I........l.....

Diagramatic Representation of the Shape Changes,

From Disk to Sphere which Occur During the Actioa

of.bpic.l Ly.in..‘........‘.........'......'....

stop Fl“ sch-‘tico0."0.'.'..-0.0‘0Ccaouoololtt..

Top and Side Views of the Solutioms Reservoir......

Schematic of the '1!1‘. Undtecececocccoccoccconsnnne

Schematic Representation of the Shutoff Mechanim..

Percont Hematocrit Delivered to the Observation

Page

12

33

35

n

77

81

84

835



LIST OF FIGURES

Figure

1.1

1.2

2.1

2.2

3.1

4.1

4.3

5.1

Survival Signature for Various Cell Types...cccccee

A Method for a Supercooled Cell to Achieve

Bqulibri“..-...0....0.0.!.00.l..u..o.lll.ll..-oao

Typical Phospholipid Structures...cccccecccccccccss

Cross-Sectional Diagram of Stable Phospholipid

su‘ct“.. ‘n '.t.t‘.......l...‘.......I..........l

Diagramatic Representation of the Shape Changes,

From Disk to Sphere which Occur During the Actionm

°t.n’i°.l Ly.in.....'.....I..l.ll...l....‘...ll.

sto’ m“ sch-‘tico.0..00..0..0l.....c...l.ococolo

Top and Side Views of the Solutions Reservoir......

s‘h-.tic of th. .1‘1" unit................‘I'l...

Schematic Representation of the Shutoff Mechanisa..

Percont Hematocrit Delivered to the Observation

Page

12

33

35

n

11

81

84

85



5.2

5.3

5.4

5.5

5.6

5.7

7.1

7.2

Chamber as a Function of Plunger Pressure.....c.c...

Normalized Photocell Voltage as a Function of NaCl

.ol‘tit’ 1‘ Ab“nc. o‘ Blood.‘..l...‘I‘..‘.‘....O.l

Normalized Photocell Output as a Function of
Normalized Lamp Voltage for Optical Chamber Filled

with Normal Saline and Blood at 4% Hematoorit......

The Initial Transient Effect of Cell Orientation...

Normalized Photocell Voltage as a Functiom of NaCl

.ol“it’.‘.......'..‘..........C.Q'.l.......‘l.....

Calibration Curve for the Determination of Percent
Hemolysis as a Function of Normalized Photocell

volt"....l...‘....l.....'.......l'......l...‘.'.'.

Normalized Photocell Voltage as a Functioa of

n-.toctit...'.......‘.'..........l.‘l.l...‘...l...

Typical Photocell Voltage Output Due to Isothermal

Step Change of the Extracellular Comceatrationm.....

Percoent Hemolysis as a Function of Exposure Time at

”8‘.Q.....l...l.....‘."....Q..‘..l..‘......‘.....

Xi

95

917

100

106

114

117

138

140



7.3

1.5

7.6

7.1

79

7.10

7.11

Pezceat Hemolysis as a Function of Exposure Time at

u".....-....0!.!.....lc..Co‘o.l.ooo..tl..oolcococ

Percent Hemolysis as a Function of Exposure Time at

21“......'.........'..l‘......'lI e 000 c000ccocooce

Percent Hemolysis as s Functiom of Exposure Time at

213‘.....-.l.oc.QQ........l.c.lc..u.a..o.l.-c.o..oc

Percent Hemolysis as a Fuaction of Exposure Time at

26“...C".'...'...l.‘.....'..............‘.I......

Initial Hemolysis Rate at 40 and 60 Seconds........

Percent Hemolysis as a Function of Exposure Time at

2 molar NaCl ConcentratioR.ccccccccccccccccscascacse

Percent Hemolysis as a Function of Exposure Time at

2.5 molar NaCl Conmcentration.ccccccecccceccccccnces

Pezcent Hemolysis as a Function of Exposure Time at

3.0 molar NaCl Concentration..cccccccccccccccccncne

Percent Hemolysis as a Function of Exposure Time at

3.5 molar NaCl Concentration..cccccecccecccccccocse

xii

141

142

143

144

150

152

153

154

155



7.12

7.13

7.14

7.15

7.16

7.17

7.18

7.19

Percent Hemolysis as a Function of Exposure Time at

4.0 -Ollt NICI uﬂo@ﬂttltion....-....-....o.c......

Initial Hemolysis Rate at Different NaCl

co‘o.nu.tion'-otco-c..o.o..0..0.0.0....0000.....00

Percoent Initial Hemolysis Rate as a Functionm of

N.cl lol.tit’ .t ”8‘ .nd 213‘.........l.'.........

Comparison of Hemolysis Kinetics at Selected

Temperatures and Concentrations of NaCl...cccccceee

Percent Hemolysis for Exposure Times of 1 and

3 Minutes as a Function of Temperature...cccccccecee

Normalized Photocell Voltage as a Functiom of

n-.t“titoOlococol00.‘."'....o'ool.0.00.0..0-..-0

Comparison of Percent Hemolysis Calibration Data

with the Results Reported by Others...cccccscccccscs

Comparison of Present Results with Results of Other

In'.'ti..t“....l...'.ll.....l..l........l.l.l.....

The Relationship Between Free Energy of Activation

and NaCl Concentration for 1lst order Reactioa

xiii

156

158

1%

161

162

167

1®

170



9.2

9.3

9.6

10.1

.“.1'.‘.0.00CCOO00..0..-00..00..0..0.0....c..00000

The Relationship Between Free Energy of Activation
and NaCl Concentration for 2nd Order Reaction

lod'l‘...0.........l'........l..‘......'.‘..‘......

The NaCl Concentration Dependence of Pseudo-

Reaction Constant K for 1lst Order Reaction MNodel..

The NaCl Concentration Dependence of Pseudo-

Reactioa Constant K for 2nd Order Reaction MNodel..

The Relationship Between the 1st Order Eyring
Activation Parameters 8 and H for Hypertonic

NaCl-Induced Hemolysis for 1st Order Reaction

l“.l..l...‘.l......‘.l..l.....................‘...

The Relationship Between the 2nd Order Eyring
Activation Parameters S aad H for Hypertonic

NaCl-Induced Hemolysis for 2nd Order Reaction

m.l..l....‘.....C...l...l......Q..............l..

The Schematic Representation of a Model Descriding

the Effect of Bypertomic Solution on the Membrane

sy.t-.....l.l.l.‘.........‘.......l......“'.l....

ixv

223

224

226

227

230

231

248



CHAPTER 1

INTRODUCTION

In recent years the surgical technique of organ
transplantation has been an area of very active experimentation in
medicine. New surgical techniques have been developed and orgaz
transplantations of heart, liver, and kidmey have become the most
promising hope for extending human 1life. Success of such a
transplant relies heavily upoa the availability as well as the
viability of organs at the time of need. To overcome the time
factor an effective preservation techaique needs to be developed.
One of the most promising preservation techniques at the present
time is offered by 1low temperature technology. Today through
cryopresesrvatioa technigues soveoral classes of "simple”
biomaterials such as blood, spermatozoa, cornea, skin, and embryos
are reversibly preserved for periods as long as 30 years [1-5].
However, for the more ocomplex biomaterials such as orgams no

suceessful cryopreservation technique has been developed.

In order to extend the scope of ocryopreservatioa to more
complex systems such as the heast or liver a detailed

understanding of the cellular behavior at 1low temperatures is



rogui:od. Fundamental thermodynamic anmalysis in conjunction with
kinetic theory of the reactions and processes involved in &
cryopreservatioa protocol could provide the basis for the
development of cellular behavior in response to low temperatures.
The purpose of this work is aimed at providing a better
understanding of the damage sustained by living cells as a result
of changes which occur in the cellular enviromment during the
process of freeze-preservation. Specific environmental changes of
interest are the effects of high solute concentration (a chemical

effect) and low temperature exposure (a thermal effect).

Vhen the liquid phase of water is excluded from the cell
suspension through the formation of ice, there results am increase
in the extracellular solute concentration. This increase in the
extracellular solute comceatration creates am osmotic pressure
which acts as a driving force for the flow of water out of the
cell. The chemical effect and the strong temperature dependence
of many life processes coanstitute two major mechanisms in ocell
freezing. According to Mazur’'s classic two-factor hypothesis for
freezing injury the slowly frozem cells are damaged on the onme
haad by their relatively long exposure to high solute
concentrations. This is the so-called “solution effect”.
Furthermore, rapidly frozen cells are damaged as a result of
intracellular ice formation [6). The chemical and thermal factors

are then necessarily inter-related in a given freezing and thawing



protocol. That is, The chemical and thermal variables are coupled

during a freezing and thawing process.

Therefore ' complete, decoupled, and quantitative
understanding of cell injury caused by thermal and chemical
effocts is essential for developing a thermodynamic model
desoribing a freeze-thaw protocol. A decoupled study of the
thermal and chemical effects responsible for the ocell damage
during freezing should yield an importaant understanding of the
degree and extent of injury caused by each perturbatioa mode.
Cryopreservation is a thermodynamic process where kinetics play an
importaat role since it is known that the survival of biological
systems is usually semsitive to cooling and warning rates [7].
Studies of the cell response to the thermal and chemical
perturbations can therefore generate kinetic information about the
cell imjury. Thermodynamic analysis of kinmetic information
gonerated by such studies provides data for the development of a
thermodynamic model for the cell injury mechanism(s). Therefore,
the main objective of this work was to study indepemdently the
offoects of thermal and chemical perturbations oan the kinetics of
red blood ocell hemolysis. Specifically it was intended to
determine the kinetics of damage to the human red blood ocell
system induced by sodium chloride solutions of differeat

concentrations at different temperatures.



Evea though hemolysis of erythrocytes has been the subject of
extensive studies associated with 1low temperature preservation
[8-11], the area of study proposed here has received 1little
attention. In this work the kinetics of hemolysis of the human
red blood cell in the form of rate information is obtained.
Damage histories of <cells subject to "chemical shook” |is
quantified at different temperatures. Specifically, the damage
induced by sodium chloride solutions between the conceantrations of
1 molal and 4 molal is studied as a function of time for
temperatures between-5C and 25C (the rational for these ramges of

concentration and temperature is given in chapter IV).

To analyze the cell injury process, a thermodynamic approach
will be taken. The reaction rate theory of Eyring will be
employed to reduce the rate data to obtain thermodynamic
activation parameters such as enthalpy, eatropy, and Gibbs free
onergy for the hemolysis process. The role of these parameters in
the stability of the cellular system relative to the proposed
injury mechanism will be investigated. Such an upplioafion of the
principles of thermodynamics in conjumction with kinetic theory of
reactions will result in a; important classification of

thermal-chemical effects on cell damage modes.

This research is expected to have a significant impact oa the

area of low temperature preservation. An improved understaading



of the effects of simultaneous thermal and chemical changes
acocompanying freezing should help to improve cryopreservatioa
protocols for a wider class of biological systems including
tissues and organs, A better understanding of the ultorﬁtions
experienced by biological systems in terms of thermodynamic and
reaction rate theory has the potential to provide a better
conceptual framework for further research from the theoretical
standpoint. Furthermore, simulations and predictions of cellular
behavior in arbitary enviromments based upon quantitative models

may be possible in the future.

Evea though the model cell system for this study was limited
to the human red blood cell, it is hoped that the experimental
techniques and theoretical methods wused here as well as the
overall understanding gained by this research could be gemeralized

to a larger class of biological systems.

- A, Backsround

Living systems contain a substantial amount of 1liquid water
and it is apparently necessary for a minimum amount of liquid
water to be present in most living systems to insure viability.
Therefore most biological systems exhibit “normal” behavior oaly

at temperatures above 0C. It has beem known for centuries that



the deterioration process of biomaterials could be severely slowed
down or evem stopped at low temperatures. This effect of low
temperatures in the reduction of metabolic activities of
biological systems has been employed in modern industrial scale

food stuffs preservations for many years [12-14],.

The potential of freezing preservatioa as s promising
clinical technique for lomng term preservation of biomaterials was
not realized until the 20th century. The fact that 1living
organisms are in general disasterously injured when exposed to
subzero temperatures was probadbly the most importaat factor
limiting succesful cryopreservation. The (first successful
freezing preservation of biological systems occurred im 1949, when
Polge, Smith, and Parks [15] reported the first successful
freezing technique. Their work was primarily concerned with the
preservation of human and fowl spermatozoa. Since then the field
of cryobiology has been am area of very active experimentation.
This has resulted in the development of clinical scale reversible
low temperature preservation techniques for several biological
systems including the human erythrocyte, cornea, skin, and embryos

(1,3,4,5].

Due primarily to its clinical value, the human red blood cell
has received some of the most intemsive considerations. This has

in turn resulted in the development of very successful



cryopreservation protocols enabling blood banking for lomg periods
of time [16-18]. The large biophysical data base available for
the human red cell also makes this system a very attractive model

system.

The general uncontrolled effect of cooling of “living”
organisms to subzero cemtigrade temperatures results in injury and
consequently "death” of such systeas. A review of the
cryopreservation techniques in cryobiology reveals that two of the
most important factors coatrolling the fate of the biological
system are the cooling rate during freezing and the wvarming rate
upoa thawing [7,19-24]. It is also known that the storage time
and storage temperature play vety important roles in the success
of a freeze-thaw process. It should be pointed out here that the
presence of some cryophylactic ageant, sometimes referred to
loosely as antifreeze agent or simply antifreeze, is essential for
the success of a cryopreservatioa technique. The most commonly
used cryophylactic agents are glycerol and dimethylsulfoxide
(DNSO) [5,7.17, 23,25]. The presence of a cryophylactic agent
will greatly complicate the amalytical as well as experimental
aulys’h. It will also reduce the hemolysis reaction rate
comsiderably making it difficult to study the damage mechanism,
Therefore, in the present work in order to simplify the system
under study as well as emphasizing the damage to learn more about

the cause, the effect of such agents will not be coamsidered.



Amoag the controlling factors mentioned earlier, the effect
of ocooling rate has received the most attention. This is partly
due to the fact that if the system is severely damaged during the
freezing stage of the process, consideration of the effect of
other factors Dbecomes umnecessary. Figure 1.1 . shovs
representative survival percentages of differeant cells as a
function of cooling rate [23]. In spite of the fact that optimal
cooling rates differ from cell to cell (rangiag from 0.3 C/min for
lymphocytes to 3000 C/min for human erythrocytes) the cell
survival curves have similar gemeral shapes. The results
presented in Figure 1.1 reveal that increasing the cooling rate of
frozea cells is oaly benmeficial up to a point amd once this point
is reached further increase of cooling rate will have a negative
effect om the survival. This has suggested to some researchers
the existemce of two competing mechanisms responsidble for

detemining cell survival [6,26]).

Cooling the cells more slowly thaz at the optimal rate
results in the injury thought to be dus to the complex alterations
of the cellular enviromment due to the presence of extracellular
ice. These physiochemical alterations are collectively referred
to as "solution effects” and include changes in the comcentratioa
of solutes, dehydration of the cell, changes in the pH of the
solution, and subsequent decrease of the cell volume [8.9,27]. As

the cooling rate is increased the survival increases which is
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interpreted to mean that the increased cooling rate reduces the
solutioa effects. However, the survival is diminished when
biological systems are cooled at supraoptimal rates. The damaging
effect of supraoptimal cooling rates has Dbeen cion:ly
demonstrated, both experimentaly and theoretically, to be due to
the intracellular ice formation during freezing [24,29-35]. That
is ome cammot increase the cooling rate beyond the rates at which
lethal intracellular ice will form aad survival will be
diminished. The action of these two competing factors is

manifested in the survival signature of the cells (Figure 1.1).

Studies of warming :nt; have revealed that the effect of the
varming rate is directly coupled with the cooling rate. For fast
cooling rate the survival is achieved at fast warming rates and
similarly better results are obtained at slow warming rates when
the cooling rate is slow [7,8,23,32). Storage time for systems
stored at any temperature other thaa zero absolute temperature
will have a negatie effect i.e. the survival rate is improved as
the storage temperature is lowered [33,34]). Storage time effect
studies oam survival rates reveal that at temperatures below -60C
these eoffects azre minimal and that the survival of cell systems
seems to be a stronmg function of storage temperature in the range

ot -SC to "6“ [7025.33.34]-



11

B. Modes of Freezing Damage

The generally accepted theory of freezing damage is due to
Mazur [6,26], where he proposes a two-factor model of freezing
damage. Mazur’'s two-factor theory represents a coanvincing
argument in which an attempt is made to describe the 1low
temperature offects in biological systems subject to slow and
rapid cooling. Before discussing the freezing damage in detail it
is necessary to defime several terms commonly used im such a

discussion, namely such terms as "slow” and "rapid” freezing.

The comcept of slow and fast freezing is generally defined in
light of intracellular crystal nucleation or ian terms of
dehydration of the cell. PFreezing velocity is comsidered to be
“slow” when omnly extracellular crystalization occurs. When the
freezing process results in intracellular crystal formation the
cooling rate is comsidered to be "rapid”. It should be noted that
these terms are relative, so that rapid for a given cell type may
be slow for amother. In a freezing process regardless of cooling
velocity the water transport across the semipermeabdle cell
membzane is directly linked with the survival of the system under
study. A simple model system presented in Figure 1.2 describes
the water tramsport events associated with cell freezing. The
system is considered as two compartments seperated by a spherical

semi-permeable membrane resulting in an intracellular aad an
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extracellular compartment. At equilibrium the chemical potential
for solutes able to diffuse are equal in the intracellular and
extracellular solutions. The formatioa of ice im the
extracellular solution results in a lowered chemical potential of
water outside the .cell with respect to the water inside. A new
equilibrium cam be reached by either tramsport of water out of the
cell or intracellular ice formation, This matter will receive
fuﬁox attention in conjunction with discussion of red blood cell

hemolysis in Chapter 3.

According to Mazur’'s two-factor hypothesis, when ocells are
frozea slowly the damage is associated with relatively long
exposure to the physio-chemical alterations of the cell system
produced by orystalization of 1liquid water (the so ocalled
“solution effects” discussed earlier). When cells are frozem with
rapid ocooling rates the formation of intracellular ice is the
major factor responsible for damage. The implicit assumption here
is that the cells are thawed at optimal warming rates. A
qualitative argumeat accounting for Mazur’s theory based on the

model system givea in Figure 1.2 follows.

During a freezing process as discussed  earlier the
temperature reduction of the cell suspending media results in
crystalization of extracellulat water. During the early stages of

freezing the membrane acts as a barrier to ice formationm within
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the cell. As the extracellular liquid water is transformed to
solid water by ice formation a solute concentration gradient is
developed across the supercooled cell such that the system (the
cell) is removed from it physiochemical equilibrium state. But
since the cell membrane is permeable to water a new equilibrium
state ocan be established by way of the flow of water out of the
cell, If the formationm of intracellular ice is to be avoided
there should be sufficieat time for the cell to loss its free
water to avoid supercooling. This means if the cooling process is
slow enough the cell will not freeze internally or at least large
smounts of water will not solidify. At such slow coolimg rates
then, the cell will be exposed to high comcentratioans of solute
for a relatively long period of time and the subsequent solution
effects cam result in injury. The slow cooling rate 1is
characterized by the dominance of mass transfer (water flux across
the cell membrane) over the heat transfer process. Now if the
cooling rate is rapid, intracellular supercooling occurs in a
short time. The cell is unable to lose a comsideradble portiom of
its water coatent and it becomes imcreasingly probnblo. that the
intracellular water will (freeze. Specifically, at fast cooling
rates the heat transfer process characteristically dominates the
mass tramsfer process 30 that the intracellular water has little
time to leave the cell and the abundance of water in the cell

predisposes the interacellular ice nucleation to ocour,
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Based oa the above argument it is evident that the following
cell parameters characterize the optimal cooling rate for

survival:

(1) the permeability of the cell to water
(i1) the amount of cellular free water

(i111) the surface area to volume ratio.

As pointed out earlier and is evident from the preceeding
argumeat the mechanisms of freezing injury are very involved aad
complicated phenomena which are yet to be resolved. However, at
the preseant time there exists substantial evidence suggesting that
the alteration of the plasma membrane could be a major if not the
oaly, mechanism responsible for freezing damage [45,46]. At this
point having discussed the problems involved in oryopreservation
and having emphasized freezing as the major cause of injury, s few

words are in order to classify the mechanisa of injury.

The formatioan of ice in the freezing process, intracellular
or extracellular, ocould definitely introduce consideradble stress
and therefore mechanical damage to the cell at the membrane site
as well as at the internal level. The damage to the cell could
occur either during the freezing or when the system is thawed.
However, the hemolysis phenomenon due to freezing of red blood

cells in isotonic saline solution is, in some cases duplicated by
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the hemolysis due to hypertonicity of the extracellular solutioa
in the absence of freezing [8]. Furthermore freeze-induced
changes of spinach thylakoids has been observed to be similar to
those observed by transferring thylakoids from an isomtomic to
hypotonic [37] or hypertonic media [38]. That is the nature of

thermal shock damage is similar to osmotic shock damage.

Several bioclogical membrane systems have been studied with
respect to the biochemical and structural alteratioas of the
membrane induced by freezing or osmotic stress in the absence of
freezing [35-42]. The object of such studies is the phemomenon of
cell damage due to extracellular perturbatioms which has beea
postulated to be a result of membrane alterations. The notioa
that freezing injury is due to injury to the plasma membrane was
first proposed by Maxzimov im 1921 [43]). The important role of the
plasma membrane in the functioam of the cell, aand the fact that the
amount of damage incurred by the presence of extermal ice is
considerably lower than the level of damage introduced by
intracellular ice formation are in direct agreement with this
notioan. The direct involvement of the membrane constituents in
the phenomena of cell damage due to osmotic or thermal shock has
been observed [8,44]. It has also been shown that intact red
blood cells or ghost cells exposed to hypertomic salt conditions
resulted in solubilization and release of membrane proteins and

phospholipids [10,11]). Perhaps the most intringing are
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observatioas made by Araki [45]) and Araki et al [46], where they
found that red blood cells exposed to osmotic stress at or below
0C lose their membrane lipids and proteins by virtue of releasing
cholesterol-enriched microvesicles. A similar observation has

been made on rat hepatocyte cells recovered from freezing [47].

In his studies related to the effect of hypertonic treatment
of membrane structures at low temperatures, Araki showed that such
treatments result in the release of microvesicles., He showed that
the 1lipid and protein content of the microvesicles were different
from the red cell membrane. He was also able to show that the
zatio of cholesterol:phospholipid (C:P) in microvesicles was
dependent upon the temperature of the treatment. The 1lower the
temperature of the treatment, the higher the (C:P) ratio [45].
Araki ot al further found that the total protein conteat of the
microvesicles decreases with decreasing temperature [46]. These
observations suggest a temperature and tonicity dependent
preferential segregation of membrane constitueats duse to osmotic
stress and low temperature exposure. The molecular segregation
and mechanism of vesicle formation induced at low temperatures are
not clearly uamderstood. Nevertheless, occurance of such processes
suggest a significaat temperture aad tonmicity dependence of the
membrane protein-phospholipid interaction aad consequently 'y

membrane dominated injury mechanisa.
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Gruaze ot al in their studies observed molecular segregation
of the red blood cell membrane at room temperature due to
treatment with long-chain alcohols [48]. Such treatment results
in development of rod-shaped projectioms. The rods can be
separated from the <cell without significant hemolysis.
Preferential 1ipid segregation in the membrane was observed where

protein content of the cells and the rods remained the same.

Despite the abundance of studies concerning the red ocell
shapes due to envirommental pertubatioas, the gquestion of “"what is
responsible for the red cell shape in gemeral and shape chamges in
particular:is it the bilayer or the spectrim-actin metwork?” has
been a controversial issue. In the study of |lhypertonic
oryohemolysis (the erythrocyte lhemolysis in a bhypertoaic
enviromment whea the temperature is lowered to below about 12C is
called “"hypertomic ocryohemolysis” [4-51)). Green et al have
presented evidence for the possible indirect effect of the
hypertonic eaviromment on the spectrin-actia cytoskeletal system
[44). These investigators suggest that the membrame 1lipid
interaction with the cytoskeleton may be responsible for injury.
This motion is in line with results suggested by several studies
where the red cell membrame shapes are due to alteratioas in the
cytoskeletal network [52-55). On the other hand, Lange et sl
concluded from their studies on the shape of the red cell membrane

that the membrane bilayer and not the cytoskeletal proteins is
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respoasible for ghost cell crenmation [42). They believe that
osmotiocally induced redistributiom of 1lipids between the two
leaflets of the membrane bilayer preceeds and results in the ghost

creanation.

Coacerning what constitutes freezing or hypertomic exposure
injury at the cellular and molecular level, it is believed that
the loss of membrane material plays an important role [47.,48].
This notioma is strongly supported by Araki’s findings from his
work on the red blood cell that the low temperature induces 1lipid
and protein segregatioan in the membrane amd as a result of
bhypertonic exposure at sub-zero temperatures the memdrane material
is lost in the form of microvesicles [45,46]. Furthermore
Steponkus and co-workers based om studies om spinach protoplast
propose that freezing damage is due to loss of membrane material
(47,48, ]. Specifically, they propose s hypothesis of exchange
of material between the plame of the membrane and a reservior of
membrane material induced by am increased teamsion imposed im the

membrane during freezing.

The arguments given here suggest that (freezing or
hypertonically induced stresses result in temsion or increased
pressure in the plane of the cell membrane. This is comcomittant
with a significant redistridbution and 1loss of membrane

constituents and consequently of the surface ares and cell volume.
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Thezefore the notion that the membrane is the site of damage or at
least that major damage is at the membrane site is a well
justified assumption. All the evidence and theories put forward
emphasize that in order to resolve the uncertainties of the a;-n;o
processes and mechanisms, a complete understanding of the nature
of forces and molecular interactioans at the molecular 1level |is
required . Due to the biological nature of the problem it has
been extremely difficult to arrive at such an in depth insight at
the molecular level. This, however, does not mean oae should
await such an advancement and bam exploring different amd ia some
cases simpler approaches. No theoretical approach could accouat
for all the parameters of such a complex system, amd direot
experimental measurements should always be comsidered the most

reliable method to check the theoretical findiags.

One such approach is provided by thermodynamics.
Thermodynamics in oconnection with biological systems has deen a
relatively forgotten tool in many ocases even though it offers
quantitative as well as qualitative methods of analysis. The
process of cryopreservation is im fact a thermodynamic process.
The wultimate goal of such a process is to arrive at
cryopresesvatioa protocols such that the system under
consideration is returned to its initial thermodynamic state, that
is the task involved here is to design a oyclic thermodynamio

process for the cell. Therefore methods of analysis of such
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process should be based on fundamentals of thermodynamics.
Thermodynamic is a quantitative subject and it can be employed to
enhance our quantitative understandings of structure and functioa
of 1living systea. For example, regarding the membrane system,
equation of state informationm based om principles and fundamentals
of thermodynamics can in principle be derived by direct
measuremeonts. Furthermore, concerning the development of Physics
of the membrane interactions and knowledge of ultrastructure of
such systems, éhlxactorization and quantitative classification of
thermodynamic parameters such as entropy, eathalpy, and emergy is
required. For example, the entropy and eathalpy changes
associated with the bhemolysis interaction form a valuable basis
for the interpretation of the thermodynamic parameters comcerning
the molecular orgamization of the cell membrane as related to

envirommental parameters.

A classical thermodynamic method of analysis is comcerzaed
with equilibrium states, 1i.e., it yields static informatioa.
However, as discussed earlier, the survival and degree of injury
as a result of freezing and thawing is very semsitive to cooling
and varmiag rates involved in such a process. Therefore to
classify the injureous characteristics of such a dymamic process,
kinetic informatioa is needed. That is to study the hemolysis
interaction, a kinetic reaction rate theory is zrequired to

complement the thermodynamic analysis. The preseant effort deals
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'igh the hypertonically induced osmotic hemolysis kinetics of
human red blood cels at different temperatures. Specifically the
osmotic shock aspect of the so-caslled "“solutionm effect” freezing
injury is considered. The data obtained here is in the form of
damage histories obtained when human red blood cells are subject
to step ochanges inm extracellular concentratiom at various
isothermal set points. As discussed earlier Lovelock showed that
injury due to freezing of red cells could be duplicated by
exposure to hypertonic sodium chloride if the cells were returned
to the isotonic state [26]. He also ocomcluded that hypertonic
exposure alome is not in itself damaging emough to explain the
total amouat of injury observed wheam red blood ocells are frozes

and thawed.

In light of Lovelook’s findings the o:ythtocyto-hc-oly:is has
been re-examined here for the following reasons. It is well known
in ocryobiology that frozem and thawed cell recovery cama be very
sensitive to the <rate of freezing and thawing. It is therefore
important to study the damage process oa a rate basis im order to
correlate the extent of damage with the exposure time at various
temperatures and coanceatratioas. Data of this form are not
available in the 1literature. Also, hypertonic sodium chloride
induced hemolysis has never been interpreted in terms of the
Eyring rate equation. This has been done for the present results

to suggest the mechanism by vwhich ommotic shock causes an
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instability in the human erythrocyte membrane, thereby leading to
hemolysis. As will be seen the mechanisa suggested by
thermodynamic activation properties derived from the Eyfin;

equation 1is oconsistent with the membrane dissolution theory

of fered by Lovelock [57].



Chapter 1I

MEMBRANE STRUCTURE, FUNCTION AND MNODEL

MEMBRANE SYSTEMS

In order to pursue the cell freezing problem and acquire an
understanding of factors or processes effecting the exteant of the
subsequent cell injury, ome naturally must acquire some primary
knowledge of the cell and cell membrane structure aad fuanctioa as
well as the properties of the constituent elements comprising such
structures. Furthermore, study of the mature of the iateractioas
and forces between membrane constituents which are responsible for
the formation and stability of such systems is essential for

interpretiang the cellular response to extermal perturbatioas.

In this chapter, the cell function will be discussed first.
Secondly, since the cell membrane plays a significant role with
respect to a successful freezing protocol among other things,
membrase structure, function and compositioam will be discussed in
detail. Third, general properties of the membrame are discussed
in reference to the effects of the external perturbation imposed

on the cell, Fourth, the self-assembly of the lipid amd protein

24
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molecules into a membrane structure in an aqueous medium and the
roles played by the intermolecular forces in commection with such
a process is discussed. Finally, membrane models will be

considered.

A, Ihe Cell Function

The living cell is the fuadamental unit of structure in
biology. It is the basic unit making up am organism of greater
complexity. Two basic types of cells have been characterized:
prokaryotes and eukaryotes. Prokaryotic cells are
characteristically small and posses minimal interacellular
structure. Specifically they do not possess nuclei, nuclear
membrane or chromosomes. On the other hand, eukaryotic cells are
much larger and contain numerous interacellular orgsnelles in
particular nuclei and chromosomes [9]. Many relatively large
organisms may posess a single ocell (the protists). The uanity
principle in biology is arrived at due to striking similarities
amoag the structure and fumctiomal organization of cells in
organisms. Regardless of the complexity of the cellular structure
of an organism, it is essential for the survival of the cell, as
an individual and as a species, that each ocell carries out its

basic functions. These functions include:



26

1)Acquisition of nutrients and energy sources.
2)Disposal of unusable and toxic materials.
3)Reproduction

4)Locomotion

5)Interaction with the enviromment

To carry out the forementiomed fumctioms every cell must regulate

between its internal activities and the enviromment.

An outstanding ocharacteristic of the cell is that the
relationship Dbetween the intracellular activities and the
extracellular enviromment is regulated by an emcapsulating
envelope. The interior of the cell is made up of needed
components and organelles of widely differing structure, chemical
composition and functional behavior. VWithia the cell the
activities may occur either in a relatively undifferentiated
internal milieu or in a series of functionally distimct, but
coordinated, regions which are themselves seperated by an
eavelope. The integrity of these components and comsequently by
the cell’s internal machinery necessarily depend on the

encapsulating eavelopes.
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B, Membrape Structure and Functionm

The cell envelope, called the plasma membrane also known as
the cytoplasmic membrane or cell-surface membranme, encapsulates
the cytoplasms and defines the boundaries of the cell while
creating internal components in which esseatial functions are
carried out., This may exist alome or be part of a more complex

cell-surface structure.

No single structure for the membrane cam be described. Its
complexity varies comsiderably, and cam take on a anumber of forms
according to the physiological functiomal role of the cell [60].
A single cell can also have several different areas of plasma

membrane with different morphology and funmction [60].

Biological membrames at the cell suface and within the ocell
are of 1lipoprotein structure, i.e., are mostly composed of lipid
and protein molecules Electron microscopy has revealed o
characteristic trilamellar feature of the lipoprotein membranes
[61]. The micrograph images of these membranes appear as pairs of
parallel dense .lines separated by a 1less dense region. This
trilamellar feature corresponding to the plasma memdbrane in
different cells is typically 70-150% in width. In membrames of

intracellular organells the thickness is 50-804.
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1, Chemica]l Composition of Biological Membranes

Two major comstituents of biological membranes are proteins
and 1ipids. Composition of membranes varies from cell to cell but
in general the dry weight of the membrane is 40% 1lipid and 60%
protein, The 1ipid content of the biomembranes range from 20% in
bacterial and inner mitochondrial to 80% in myelin plasma membrane
of the dry membrane weight [%9,60,62,63). Protein aad lipid
content of some membranes are compared in Table 2.1, and the
overal composition of human erythrocyte membrane is given in Table

2.2,

In addition to lipid and protein the membrane contains water,
the most important constituent of amy knowa biological systeam.
Membranes coamtain about 20% of their total weight as water which
is a very active participant in all membrane interactions
[64,65] .Much information about the water in the membrane has bdeen
obtained from calorimetric and nuclear magnetic resomance (NMR)
studies [65-68]. These experiments distinguish a water component
in the membrane possessing differemt properties tham bulk water.
This water is referred to as "bound” water. Another technique
which has provided very useful information about the state of
water in membranes is x-ray diffraction. (The matter of water in

the membrane will be discussed further in Chapter III.) Such
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TABLE 2.1

Approximate Protein and Lipid Content
of Several Membrances

dlolesterol‘

Mgk P in:Lipid Polaz Lipid

Myelin 0.3
Liver Plasma Membrane 1.0 0.40
Red Blood Cell 1.0 0.30
Endoplasmic Reticulum 1.0 0.06
1.0
3.0
3.0

1.00

Mitochondrial Quter Membrane 0.06
Mitochondrial Inner Membrane 0,03
Bacterial Membrane 0.00

*Weight Ratio **Molar Ratio.



30

TABLE 2.2

Overall Composition of Human
Erythrocyte Membranes

Campopent Dy Mass %

Protein 49.2

Lipid (total) 43,6
Phospolipid 32.5
Cholesterol 11,1

Catbohydrate (total) 7.2
Sialic Acids 1.2
Hezosamines 2,0
Neutzal Sugars 4.0
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studies have confirmed the essential importance of the water
content for the integrity and maintenance of the biological
membrane structure (9 ,60,69,70]. From these experiments the

water associated with the membranes is broken down as

i) bulk water 90%
ii) bound water 10%
iii) irrotationally bound water 10-20 molecules®
®lrrotationally bound water molecules are known to be 1located

within the protein interior.

2. Physical Properties of Membrane Components

In general membrane components are amphiphatic; i.e., they
posess two different natures, polar and nonpolar. The polar
nature is dus to the fact that they are charged species. These
amphiphatic molecules are in active interactions with one another
and polar water molecules. From energy considerations the optimal
stability of the system is attained when the free energy of the
system is minimized. Therefore, the amphiphatic molecules in an
aqueocus enviromment, should form a structure such that polar
elements comprise one phase and nonpolar elements, the other
[71-73]. The structure of an amphipatic molecule is shown

schematically in Figure 2.1,
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Characteristic major lipid components of the cell membrane
are phosphoglycerides (more commonly referred to as
phospholipids). The red blood <cell <contains four major
phospholipids and one major neutral 1lipid [%9,60,74]. The
differeat types of phospholipids differ in size, shape and
electric charge of their polar head groups. However, these
molecules have &8 similar overall structure as illustrated in
Figure 2.1. They possess two hydrocarbon chains derived from long
chain fatty acids. The hydrocarbon chains are normally 14-24

carbons long.

Various types of 1lipids exist in harmony in the cell
membrane. These lipids are asymetrically arranged with respect to
the two halves of the bilayer [75,76]. For example, in the
erythrocyte membranes, amino phospholipids (i.0.,
phosphatidylserine and phosphatidylethanolamine) are mostly fouad
to be located in the inner layer, where lipids in the outer half
are mainly phosphatidylcholine and sphingomyelin [76]. Al11
phospholipids (at pH7) have a negative charge assiciated with the
phosphate group. Phosphatidylcholine and phosphatidylethanolamine
(at pA7) are dipolar zwitterions with no net charge, as their head

groups have a positive charge. Besides the variations in the head
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Figure 2.1: Typical Phospholipid Structures. (R, aand R, are

Bydrocarboa Chains 14-24 Carbons Long).
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group charge and size, the hydrocarbon tails vary in length and
degree of saturation. These considerable variations are believed
to play a significant role im the functional and structural

classification of biological membdbranes.

To represent 1lipid molecules, the following shor thand
representation is adopted. The polar head groups, are represented
by filled circles, whereas the hydrocarbon tails are <represented
by straight or wavy lines. According to minimum free energy
analysis, the hydrophilic region also called the polar head group
should be in contact with the aqueous eanviromment [73]. On the
other hand, fatty acid chains in order to be stable should be
sequestored from contact with the aqueous eaviromment. Now in
light of this thermodynamic comsideration we shall consider the
arrangment of such amphiphatic molecules in an aqueous

environment.

The thermodynamic stability coriteria cam be accomplished by
lipid molecules forming a "micelle”. A cross COOtiOlllldil.tll of
a micelle is shown in Figure 2.2 where it is illustrated that the
polar head groups are on the surface in contact with water and the
hydrocarbon tails are hidden from the aqueous enviromment and form
an intermal hydrophobic phase. In the hydrophobic phase the

hydrocarbon tails are mostly in interactions with one another.
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Another arrangement fullfilling the stability ocriteria is
formation of a bdiomolecular sheet structure generally called a
"1ipid bilayer”. Due to its nature such a 1lipid bilayer in anm
aqueous medium will form a completely oclosed structure. A
schematic diagram of such & closed vesicular bilayer structure is
represented in Figure 2.2. The matter of molecular organization

of the membrane lipid will be further discussed later.

b, Proteins

Proteins are responsidle for mamy of the biological
activities of the cell membrane [77]). Proteins also play very
importaat role in the structural makeup of the cell memdbrane
[78.M1]. For example the red bdlood cell cytoskeleton proteia
network 1is essential for cellular functiomal aamd structural

integrity [77,P].

Membraze proteins are classified in two cato'oéioo:
intrinsic or imtegral proteins and extrimsioc or peripheral
proteins. Extriasic, also referred to as membrane-associated,
proteins are electrostatically 1loosely bound and are easily
separated from the membrane by such treatment as reducing the
iomic stremgth or altering the pH of the suspending medium.

However, the intrinsic proteias are deeply embdbedded in the
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membrane and are associated with lipids. Membrane proteins are
rosponsible for most of the dynamic processes carried out by the
membrane such as transport, communication, and energy
transduction. Some proteins are very mobile, and freely move in
the 1ipid matrix. These proteins include, rhodopsin [80],
bacteriorhodopsin [81] and those associated with ion tramsport.

The red cell membrane contains about 40 types of proteins [74].

The stability oriteria discussed for 1lipid molecules 1is
applicable for protein molecules as well. The mom-polar amino
acid residues of these molecules should be sequestered from
contact with the aqueous envirommeant and the iomic aad polar

rogions should be in coantact with the aqueous medium,

C. Membzane Properties

Membrane processes take place through chemical <reactions.
The ooamstituent molecules of membranes are mostly lipids and
proteias, and their specific distribution give the memdbrane its
unique ochemical identity. Therefore amy kinmetic or thermodynamioc
analysis of the membrane system must take into accouat the

chemical nature of the processes involved. For example, important
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propecties of the membrane system such as activation emergy or the
total emergy are purely due to chemical reactions in such a

system.

Membranes are very selective permeadblility barriers. This is
due to the existence of specific molecular pumps and gates at the
membrane which regulate the selective transport of matter across
the biomembrane. Besides regulating the active transport the
membrane composition is also important to regulate passive
transport. The major constitueats of the membranes, lipid aad
protein molecules, work in a very cooperative mamner to give the
cell its characteristic tramsport properties. The relatively
small 1lipid molecules form layers which act as barriers to the
flow of polar molecules. On the other hand the larger protein

molecules serve as gates, pumps, energy tramsducer, amd enzymes.

Another important aspect of the chemical properties of the
cell membrame is that its shape is a strong functiom of the
chemical compositioa of the enviromment. In the caio of the
erythrocyte cell, depending upon the chemical make up of the
suspending media the normal bicoacave shape goes through several
varjations, such as, stomatocyte (cup shape), echinocyte
(creanated spheres) and a class of shapes commonly referred to as
myelin figures [82-84]. Vhile some of these shape transformationms

are reversible, some are associated with hemolysis [82,85,86].
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3. Mechanjcal Properties

An important comsequence of the perturbation of the cell
system is the observed shape changes. This implies the oxi'stonco
of mechanical stress and physical forces on the membrane. Any
descriptive analysis of the membrane system then must include the
mechanical properties of the membrane. Thermodynamically
speaking, the ultimate goal is to arrive at the thermodynamic
equation of state of the model membrane system. Such aa equatioa
could be derived from direct measurements of the mechanical
properties such as interfacial membrane temsion as a fumction of
temperature and surface density. A oclassic theoretical
development of mechanical behavior of membranes by Bvaas and

Skalak [87] deals with the above topic.

The monolayer system is a much simpler system than the
bilayer system and has been studied extemsively over the years.
For this reason this system has been used to interpret the
mechanical and thermodynamic properties of membrane systeams.
Mosolayer surface pressure versus area behavior is studied for
nwmerons lipid molecules which gives the internal equation of
state of such a system. However, one can not define a surface
pressure for a closed membrane system in the same mamner defined
for the monolayer system. Furthermore, the surface pressure of a

membrane system cannot be directly measured in coamtrast with the
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monolayer system. The definition of the surface pressure could
oventually 1lead to the development of an internal equationm of
state., Since the surface pressure could be considered as a
negative teasion, surface pressure and surface tenmsion within the
membrane are sometimes referred to as iaterfacial membrane

tension.,

The surface pressure is a strong functiom of temperature and
surface density and therfore area changes by definition. Oa the
other hand the surface temsioa is a weak functioa of area changes
(87]. The red cell membrane for example is very resistant to
changes in area. In fact & few percent membrane area increase
results in membrane rupture whereas it can be sheared easily.
This is due to the faot that the red cell membrane elastic shear
modulus is 4 to S5 orders of magnitude smaller tham the area

compressibility modulus (Bending modules, B, is of order 10¥13 ¢4

10¥2 gyn/cm [871).

From the thermodynamic point of view the energy expeaditure
associated with bending a red cell membrane is quite small and
negligible compared with membrane tension [88]. (Shear modulus,
p. aad ocompressibility modules, k, are of the order 10¥2 dya/cm
and 10%-10° dya/cm respectively [(87]). However free enmergy
variation caused by local deformations in the outer layer of the

membrane with respect to the inmer layer could result in
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relatively large Dbending moments (essential for the shape
stability). Therefore considerable emergy storage in bending may
result: such is the case for example for a creanated cell or

echinocyte formationms.

D. Physical Principles of Membrape Self-Assembly

The formation of lipid structures such as micelles, 1lipid
bilayers, and liposomes is a self-assembly process. This process
is due to the structural and fumctional characteristics of the
fundamental units of such systems, namely their amphipathic
character. Any physical and thermodynamic understanding and
analysis of the biomembrane system requires a fundamental
understanding of the intermolecular interactioms involved in the
self-assembly process. All the theoretical amalysis for the red
cell in this work will be based upomn our model system, namely

lipid vesicles or liposome.

1. Nature and Role of Fozces

Surface phemomena in general amd stability and formatioa of
lipid  bilayers in particular are a direct comsequence of

interatomic and intermolecular forces. For example the existence



42

of a surface or interfacial temsion is due to the unsymmetrical
force field at the interface. Molecular orientation at amy liquid
interface 1is also a direct comsequence of intermolecular forces.
The hydrophilic head-groups of lipids in bilayers are subject to
strong interactions with each other, with the surrounding aqueous
medium, and with nearby bilayers (if such bilayers are near).
These interactions and bhydrocarbon chain interactions are all
interdependent and it is this intimate interdependence which
manifests itself in the formation amd 1is responsible for the
stability of 1lipid bdilayers. Three important iateractioas

encouatered ia surface physics will now be comsidered.

8. Steric Repulsion

A strong repulsive force arises when atoms or molecules are
brought in or near comtact. Basically, the repulsiom effect is a
manifestation of the Pauli exclusionm principle (that the electron
clouds could not overlap each other). Steric ianteraction depends
upoa the size of the atoms or molecules and it strongly depends

upoen the seperationm distance of such particles.

For steric interaction various functiomal forms for the
potatial energy of the interaction have been proposed. A classic

form is
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E(r) = AcFS | 412
Where E(r) is the potential energy function and r is the distance
between two particles (atoms or molecular groups). Another

functional form E(r) is

E(r) = b®EXP(p/r)

This latter form 1is preferred due to the fact that quantum
mechanical arguments suggest that the interactiom should be closer
to being exponential tham an inverse power. This fuactional form
is vused vwhen molecules are modeled as hard, impermaecable
particles, e.g. hard spheres, discs or ocylinders [89]. This

repulsion is important only at atomic distances ((43),

L. Electrostatic Intersctions

The potential enmergy of interaction of two pu:ticlo. with

changes q, and q, which are seperated by distance r, is givea by

Coulomb’s law as

E(r) = Qq,/r

For two dipoles interacting with the field of the other the
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interaction emergy is givea by

E(p,p) = -2u/s?

where p is the dipole moment. If the dipole were free to move
which is the case in the biological system such as with bilayers,
the combined effect of the dipole~dipole interaction aad thermsl
agitation should be comsidered. Omne such analysis dus to Keesom

92) gives

B(ll. u)".. = —2""3“!.

where K is the Boltzman’'s constant and T is temperature.

In case of complicated charge distributioa one needs to also
oconsider possibilities of higher level interactions such as
dipole-quadrapole, dipole-octapole, quadrapole—quadrapole, etc.

interactions.

The electrostatic interactions play anm importaat role ia
bilayers as the 1lipid head groups are charged. The iomic or
zwitterionic charges oan the polar head groups are subject to
mutual interactions while interacting with the dipole moments
associated with water molecules. It is kmown that the extriasic

proteins are bouad to membranes via electrostatic aad
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hydrogea-bond imteractions. Furthermore, the aqueous phase

wsually contains an appreciable amount of charged solute species.

An ionizable membrane surface will preferenmtially ;tt:sct the
oppositely charged ions and repel like charged ioams, creating a
roegion of nonuniform iom comcentration. This region is referred
to as the electrical double layer or the diffuse double layer.
Exact treatment of the actual charge distridbution is impossibdle
due to its descrete nature. The Gouy-Chapman theory combined with
the specific iom adsorption and umiform charge distridutioa
sssumptions [90-91], gives the surface ocharge density o aad
poteatial ¥ of the charged memdbranes. For the case in which the
charge binding sites are negatively charged, the surface charge

density is given by

¢ = 04/ (1+KC,) [2.1]

vhere o, is the initial charge demsity, K is an association

constant, amd o, is the conceatration of free catioas at the

membrane surface.

C. Dispersiop Forces (vapn dexr ¥aals Forces)

The origin of dispersion forces lie in the van der WVaals
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state equation of gases. This force also called the van der Vaals
attraction force exists between neutral (uncharged) particles
(atoms, molecules or group of molecules). The credit for the
theoretical understanding is due to the works of Debye, Keesom,
and London [293]. Debye in 1920 introduced induction or Debye
forces and Keesom in 1921 introduced orientation or Keesom forces,
which exist due to the permanent dipole moments of the atoms.
Vhen these forces are compared with the forces deduced from the
van der Vaals equation, it is apparent that they do mot account
for all the existing forces. Furthermore, there exist (forces
betweea atoms or molecules possessing no permanent dipole moments
such as rare gas molecules H, N, , (H,, etc. Forces of the type
which exist between such neutral atoms or molecules are called
nispotsion' forces, first introduced by WVaag in 1927, Aa
oxplanatioa for nature of these forces was set forwvard by Londoa
[92,93], he noted that the neutral atoms and molecules do posses
instantaneous dipole moments due to their zero point motion. This
motion which is a direct consequence of the umcertainty principle
creates a fluctuating dipole at the site of the atom or moleculs.

Loadoa gives the dispersion energy as

B(r) = -C/z*

which is obtained through quaantum mechanical calculations.

Dispersion forces as implied by the above equation are long-range
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attraotive forces. These forces are always present between two
bodies possessing dipole moments. van der Waals forces are made
up of dispersion, induction and orientation forces, with the
dispersion forces contributing most except in the case of very

polar molecules where the orientation energy dominates.

Bydrocarbon tails in the membrane interact mainly through van
der Vaals and steric forces. The van der VWaals forces between the

tails favor close packing of the tails.

2:.Bffect and Range of Forces

The combined effect of all the forces in a given system will
be to drive the system to its minimum free energy state. The
force involved could be divided into two ocategories, Long-range

and short-range.

In 1ipid structures, such as liposomes and biomembranes, it
is the short-ramge interfacial forces that play domimant ‘roles.
This is a reflection of the "soft” structure of 1lipid molecules
which makes them very susceptable to amy shape charges induced by
short-range interfacial forces. This is exactly the maia reason
for biophysical systems being so semsitive to any charges ia the

ionic stremgth or pH of the aqueous medium.
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In swmmary, hydrophobic interactions are the major driving
force for the formation of lipid structures such as micelles and
bilayers. These interactions play an important =role in the
folding of proteins in aqueous medium, Credit is due to favorable
slectrostatic and hydrogen-bonding interactions between head
groups and water molecules for the spontaneous formatiom of lipid

bilayers in water.

E, Membrane Models

The discussion presented im this chapter has revealed the
complexity of the biological membranes bLoth in terms of their
properties and bebhavior. This is reflected in the experimental
and analytical difficulties associated with studies of such
systems. For example for any thermodynamic analysis the system
must be clearly defined. The model systems are desirable aad
advantageous on the basis that it allows ome to design aad
construct a structure im vitro with precisely kno'n.pnrllctors
which mimics the real systems behavior in vivo. The coatrol over
parameters of the model system is then possible where it may not
be accessible with a real membrane system. Study of Imowa
processes and properties which are associated with the real system
of the model will contribute comsiderable insight to the basic

understanding of the real membrane system. However, one should
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always bare in mind that results obtained from such well-defined
aad coatrolled model studies must be interpreted in light of the

real system.

To account for all the different types of lipids and proteins
in the membrane in a membrane model system at this point is not
possible. The problem is further complicated as all biological
membranes have different components in their inner and outer
surfaces and each surface has a different enzymatic activity.
However, the major parsmeters of interest concerning this work
appear to be independent of the fine structure of the membrane to
a certain degree. For example, single compoment lipid vesicles
which are commonlly referred to as liposomes mimic the 1low
temperature behavior observed in living cells remarkadly well and
are widely used as a very useful model system [949S5). The
current model for the gross organization of biomembranes is the
conceptual view of the fluid mosaic model proposed by Singer and
Nicolson (1972). This model basically is a refinmed versiosm of
several earlier models. Gorter and Grendel in 1925 were the first
to put forth the lipid bilayer picture as the basic structure of
biomembranes [97]. The bilayer picture was accepted and retained
by the subsequent models as an integral part of the membdbrane
[98-100]). Development of the black lipid membranes commonly
roeferred to as BLNs was perhaps the most important step in the

development of the fluid mosaic model. JMuller et al (1962)
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developed a method to form a thin membrane of a lipid mixture.
BLNs have been extensively studied and have provided significant
insight into the way the real membranes behave. However, these
studies have concentrated mostly on the permeadbility aad
electrical properties. The reader is referred to an excellent
roference by H.T.Tien for further details [102]. The essence of
this model is that the membrane is a two-dimentional fluid of
oriented lipids in which globular proteins are inserted. Proteins
if not restricted by special interactions may pass from one side
of the 1ipid matrix to the other. Proteins and 1lipids are also
capable of rotational and lateral diffusion. In fact proteins are
found loosely bounded to the inside or outside of the membrane as
well as imbedded in the bilayer. This is a reflection of the role
played by specific proteins such as transport, commuanication, and
energy transduction, Therefore, proteins localized oa the
external side of the membrane allow communication with the
enviromment. Accordingly, membrane proteia involved in
interacellular activities should be located within or on the inner
surface. This model does =not account for interactioas between
1ipid and proteias, vhere as, there is experimental evidence
indicatiag significant association of proteins with lipids in the
bilayer structure all pointing to existance of mutual interactions
between proteias aamd 1lipids [103-105]. Proteins classified as
"integral” or "intrinsic” interact extemsively with the

hydrocarbon chains of membrane 1lipids. Furthermore, proteins
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classified as "peripheral” or "extriasic” are bound to membranes
via electrostatic and hydrogen-bond interactions, again

emphasising the interdependence of lipid-protein interactionm.



CHAPTER III

OSNOTIC BEHAVIOR OF THE CELL

VWater is the solvent vital for the structure and functionm of
living organisa regardless of their morphological complexity. The
functional and structural as well as the morphological properties
of the 1living cell are very sensitive to changes in the water
content, The thermodynamic process of self-assembly discussed in
the previous chapter is a dramatic example of the role of water ia
living cells. It is then not surprising that the most important
envirommental alteration of the cell system is directly associated
with the state aand amount of water. Hoere we will discuss the
osmotic behavior of the cell in response to freezing and thawing

damage as it relates to solvent water in such a systeam.

Removal of water as ice during freezing processes of cell
suspensions results in a decrease in the liquid volume of the
system [23). For a system comsisting of a cell suspension the
most important ocomsequence of freezing, as it relates to the
biochemical and biophysical as well as thermodynamic state of the
system, is the acocompanying increase in the solute conceatration

of the system. The removal of water during a freexing process is

52
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therefore manifested in the perturbation of the osmotic
equilibrium between the cell and its enviromment. Once the
conceantration of the suspending medium 1is inocreased above the
physiological isotonic level and the cell is exposed to hypertonic
conditions the cell will experience dehydration and volumetric
reduction. These effects are collectively referred to here as
osmotic stress. The osmotic stress and the molecular changes
produced by high electrolyte concentrations may either result ia
an irreversible injury or leave the cell vulnerable to any further
alteration of the system. This vulnerability for the cell systea
undergoing the cryopreservation process could manifest itself in
the thawing stage when the cell experiences further osmotic

disequilibrium,

It is then clear that the decrease of temperature during
freezing and its inorease during thawing result in an osmotic
stress. This is a reflection of the fact that the damage ocaused
by dehydration and high salt conceatration in the abseace of low
temperature resembles the freezing damage ([32). 1Ian f.of the major
determining factor of the cell survival during suboptimal cooling
is believed to be the direct result of the hypertomic exposure aad
the comcomittant pressure gradient bduild up across the membrane as

s consequence of the decrease of temperature [106].

Vhen the chemical equilibrium between the cell and its
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exviromment is altered as a result of freezing, the chemical
potential of the water across the membrane will be altered. The
living ocell osmotically responds to such a perturbation by a
change in volume. The osmotic behavior of the ocell pla}s an
importaat role concerning the site and extent of injury

experienced by the cell exposed to osmotic stress conditioams,

Cells during a cryopreservation process experience
conceatrations different from isotonic aad these comcentratioa
differences result in a change in volume [23]. However, it is
known that shrinkage of the cell is more injurious than the
absolute increase in solute comceatratioa [106-108]. This is
directly reflected in a hypothesis proposed by MNeryman and
Williams which states; freezing injury is duwe to the alterations
to the plasma membrane as a result of stress imposed by cell water
loss [100-111]). The relation between cell injury and osmotic
shrinkage in gemeral and the relation between cell water comteat
and osmotic pressure of the surrounding medium in particular are
primary motivations to study the osmotic properties and behavior
of the cell umder differeant conditions. The physiochemical
principles responsible for observed osmotic properties as a result
of exposure to “severe” emviromments are not well understood at
this point. This makes a thermodynamic amalysis of the osmotic
properties more appealing as such analysis will be based on

well-defined and preceisly <controlled parameters such as
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temperature and concentration. It should be noted here that the
idea of the minimum cell volume is related to the cell injury is
losing support (for other hypothesis regarding this matter refer

to chapter 2 and 8).

A, Yatexr Assocjsted With the Membrane

The overall concept of the extemt of involvement aad amount
of water in 1living systems have been recognized for many years.
However, questions concerning the state aand amouat of water
associated with membranes remains unresolved. This is an added
diffioculty to any thermodynamic analysis of the membrane. Such a
quantitative study has to deal with this problem at the outset

where the system and envirommeat are to be defined.

The observation has been made that the red cell does not
behave as aa ideal osmometer and that a portion of the cell water
does not seem to be affected by the change in the enviromeatal
coaditions. This has led to the belief that part of the cell
water (called "bound water”) is associated with the membrane aad
has a structure and dynamic propesrties different thaan bulk water.
This is a direct result of proximity and interaction of water
molecules with the protein and lipid molecules residing at the

membrane. In fact it is known that the bound water is associated
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with the proteins and phospholipids at the membrane. Existence of
water with properties different from that of free solution would
have great oconsequences concerning the transport across the

membrane and the thermodynamic treatment of membrane system.

Vater is s polar molecule which acts as an inert solvent in
all 1liviag systems. MNolecules comprising the biomembrane are not
soluble in water (negligidble solubility of approximately 10™¢
molecules for each water molecule [72]) amd as was discussed in
chapter 2 possess a dual nature as ome part is attracted to water
(hydrophilic) and the other is expelled from it (hydrophobic). In
faot this dual nature is responsible for the self assembly of
structures ocomprised by such molecules. Vater has a complex
structure where individual molecules are linked to each other by
hydrogen bonds which are known to be effected by the imtroduction
of non-polar molecules, due to the hydrophobic effect [73,112],
Frank and Evans measured a negative entropy change whem non-polar
molecules where transfered into water [73]). The explanation for
such energetically favorable process is given as follows. The
water molecules at the surface of the cavity ocreated by a nonm
polar solute must be capable of rearranging themselves in order to
regenerate the brokenm hydrogen bonds (in fact, where the eathalpy
change is negative they may be slightly stronger than before), but
in doing so they create a higher degree of local order tham exists

in pure 1liquid water, thereby producing a decrease in eatropy
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[73]. It has also been shown that the removal of bound water
requires high emergies (comparable to the binding emergy im solid
phase) which is a dizect manifestation of the negative entropy of

formation of such bonds [66,6 ,113],

Most of our knowledge on the amount and state of water in
living systems is due to calorimetric, X-ray, and nuclear magnetic
resonance (NMR) studies, where the red ocell has been the most
widely wused biological system for such studies [64,65,68). These
studies have measured the amount of bound water to be 20%-40% (by
veight) of the bhydrated membrane (25-70 gm H,0/100 ga dry
membranes). According to X-ray diffractioan and differeatial
scanning <calorimetry studies 20% hydration is <required for
membrane integrity [64) and phospholipid-cholestrol mixiag [68]).
This means the water h s major constitueat of the biomembrane.
The abouandence of water in the membrane system is revealed vwhen
the 20%-40% estimate of the water content is tramslated iato the
mole fraction. Assuming typical molecular weights of 100,000 for
proteia amd 700 for lipids gives better thaam (10:1) mole ratio of
vater ia the membrane. Water conteant of human red blood ocell is

reperted to be .68gm water/gm cells [114].

The NIR studies on the state of membrane bound water suggest
s more tightly bound water called irrotatiomally bound water [®].

This membrane bound water characteristically has a more ice-like
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behavior. Heats of binding of the irrotationally bound water has
been measured and are similar to or greater than the heats of
binding of water in ice [66]. The amount of tightly bound water
for the red cell ghost membrane is 4% of the dry weight which is
believed to be closely associated with protein molecules [118].
At this point we will ©bdriefly discuss the role of membrane

associated water in a more gemeral format.

As discussed in the foregoing section, the most important
role of water is the consequence of its umique structure which is
manifested in the inherent tendency of hydrocarboms to aggregate
in the water enviromment. NMR studies have shown that the dyamamioc
molecular structure of the bound water is modified and is more
ice-1ike. The modified molecular configuration seems to result ia
aa inorease in the diffusion across the membrame [115]). This is
attributed to the fact that the free energy of boading between
vater and water (whea bounded to membrane) is very compatible with
the free energy of attractioan between water and nonelectrolytes ia
water. Acocording to Horowitz and Fenichel hydrogen .bondin' by
nomelectrolytes in water competes with water-water boads which
roesults ia a local structure disorder and when the molecular
structure of water is disrupted dit!gsion proceeds at faster rate
[(116]. It has also been pointed out that hydrogem boad formation
leads to intramolecular attractioms which increase the

intramolecular spacing which is manifested in a decrease in the
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deasity of hydrogen bonding molecules [117].

B.Osmotic Pressure

An outstanding characteristic of the cell membrane is the
discriminating nature which enables it to maintaia many substances
at different concentrations across it. This enables the cell to
regulate the movement of matter across the membrane i.e.,membranes
are permeable oaly to certaia substances. When a solutios is
seperated by such a membrame, if the concentration of the
noa-permeable solute is differemt on the two sides, the solveat
will tend to be drawn toward the higher coamceatratioa. Thenm what
is called the "osmotic pressure” of the solutiomn is the excess
pressure which must be applied to the solutiom in order to prevent
the movement of solvent across the membrane. The osmotic pressure
is therefore to be regarded as a thermodymamic property of the
solution. Therefore in order to define the thermodynamic
equilibrium ocomditions im 1living cells the first step is to
consider and understand the principles and meaning of osmotic

pressuce in such systems.

The movement of matter across the cell membrane is termed
collectively as “transport” or "osmosis”. The thermodynamic

quantity used to describe the tranmsport phenomenon is the chemical
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poteatial ,u, which is an intensive system property amalogous to
temperature and pressure. For equilibrium it is required that the
chemical potential of the solvent (water) must be equal om two
sides of the semi-permeadble membrane. WVhen the solute
concentration is increased, for example in the process of
freezing, the chemical potential of the solvent is decreased amd
as a result the solvent is driven from higher chemical poteatial

region across the membrane to re-establish equilibrium.
If the osmotic pressure of the solution of 2 system at
pressure, p, and temperature, T, due to a semipermeable membdrane

separating two phases (1) amd (2) is =x, thea the osmotic

equilibrium condition in term of the solvent (water) is
Hy(T,P+x, Xy ) = pj(T,P,X,) (3.1]

where X is the mole fractiom of the solute. Now p is defined as
p(T,P,X) = p*(T,P) + RT1nX [3.2]

where u' is the chemical potoitial for pure solvent., Note that in

Equation 3.2 idesl solution behavior is assumed. Equation 3.1

could thea be written in the form

He(T,P+x) + RTInX, = p9(T,P) + RTl1anX, [3.3]



61

The Gibbs-Duhem equation gives
-3dT + TP - Yx,dp = 0 (3.4]

Vhere s and v are the partial molar emtropy and volume

respectively. Equation 3.4 at constant temperature gives
ap® = ;'dP [3.5]

Where V, is the partial molar volume of the solvent in the

solution, Integrating Equation 3.5 for a pressure increase equal

to x we have

Hy(T,P+r) - pg(T,P) = I;'dP

= VX (3.6]

Now assuming incompressible solution Equation 3.3 becomes
Vgr + RT(I1nX, - 1aX,) = 0

nv, = -RT1a(X,/X,) (3.7

Equation 3.7 with the dilute assumption can be simplified as

follows
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‘:'.n":n
1n(X, /X,) = la[n, /(n-2})]
= -1n(1 - n$/n,)

= -n3/n,

where n: is the solute mole number and n,is the solvent mole

number and nj<<n, . Then

v, = RTn}/n, [3.8]

If we further assume an incompressible solution, that is,

D vy * avy = Vy

Where V, is the total volume of the solvent in the solutiom, then

Equation 3.8 becomes

n = RTC (391

Where C is the molal concentration (n:/v') of the solute in the

solution.

Osmotic pressure related to molar concentration of the solute
in the analysis of living cells given by Equation 39 is called

Boyle-Van’'t Hoff law and is conventionally written in the form
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a(V - b) = Constant. [(3.10]

where V is the cell volume and b 4is the volume of water

unavailable for tramsport.

C.Osmotic Response of the Cell

Osmosis plays aa important role in the function of the cell.
When the chemical potential of the water in which the cell is
suspended is perturbed, the cell responds by morphological changes
concomittant with changes ia volume. Agccording to the simple
transport model discussed earlier the volume of the cell is
proportional to the osmolality difference of the solute across the
membrane [109-111], The most studied model for shape
transformations due to extracellular perturbations has been the
red blood cell, The red cell -membrane is a thia visocoelastic
membrane vwith a biconcave disc geometry in isotomic conditionm.
This geometry is very sensitive to the ollolnlify of the
surrouading medium and is known to go through dramatic shape
changes. The osmotic response of the cell has received extemsive
theoretical and experimental considerations ia light of the fact
that the structure of the membrane and its mechanical properties
could be better understood once the shape determining parameters

are explained.



64

The osmotic response of human erythrocyte to hypotonic
solutioan is especially easy to study. It becomes spherical when
placed in hypotomic solution and the biconcave shape is recovered
when the medium is made isotonic again. This means that the red
cell membrane can be oconsidered to be elastic under certain
conditions. Several mathematical solutions for the sphering
process of the red blood cell are obtained, where the membrane is
treated as aa eolastic shell [118-120]. These studies show good
agroement between the observed cell shapes and calculated omes.
The fundamental hypothesis of all such studies has been that the
membrane curvature elastic (bending) emergy is the mechanical
parameter governing the shape. The equilibrium shape for u
elastic shell is attained whea the bending energy 1is =minimized.
Several independent studies have shown that the area of the red
cell membrane remains unchanged during the sphering process

(121,122).

Concerning the osmotic response of the cell to more severe
perturbatioas such as freezing, it has been proposed that freezing
injury is the result of osmotic water loss [107-1]. According
to these studies the associated cell volume reductions ultimately
lead to cell damage. Specifically, it is believed that the ocell
injury due to freezing or hypertomic exposure in the absence of
low temperature is predominantly related to cell shrinkage beyond

a oritical minimum volume rather than to am absolute increase in
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the solute concentration [107,108]). Villiams et al proposed that
the cell volume reduction is accompanied by cell surface area
depletion. That is the membrane components are lost durig osmotic
shrinkage. This 1leaves the cell vumerable and as a comsequence
the cell cannot returm to its initial volume whea tramsferred to
isotonic medium. The membrane then bursts under osmotic stress
[108]. The matter of «cell damage in reference to human
erythrocyte under bhypertonic oconditions will be discussed in

detail in the next section.

To describe the osmotic shrinkage on a quamtitative basis amd
theoretically determine the possible mechanism(s) for area

depletion, the following argument is given.

The diffusion of the solute molecules across & uait area of
the semi-permeable membrane is described by Fick's first law of
diffusion,

an/dt = -D(AC/AX) [3.11)

wheze
n = mole number of solute
t = time
D = diffusion coefficient
AC = molar comcentration differemce

across the membrane
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AX = membrane thickness.
Note that to arrive at Equatiomn 3.11 a uniform concentration
gradient through the membrane is assumed. To describe the osmotic
flow of solvent across a membrane in biophysical studies, Equation
3.11 is commonly written as

J = -PAC [3.12]

Where J is the molar flux density and p is the permeability

coefficient and is defined as

P = D/AX

If the volume and area of the cell are designated as V aad A

respectively, the volume flux is

av/dt = JAV, (3.13]

wvhere V, is the molar volume of solvent. Thus Equation 3.12 takes

the form

dv/dt = -V apac [3.14]

For spherical geometry Equation 3.14 becomes
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dR/dt = -V _pac (3.15)

where R is the radius of the sphere. Assuming that the membdbrane
thickness as well as its permeability coefficient and AC remsain

constant during the osmosis, Equation 3.15 integrates to

R = (-V_opaC)t

= Constant®t [3.16]

That is the radius of the spherical cell is 1linearly related to
time. Such behavior has beem observed by several investigators
for lipid vesicles (liposomes) as they shrink in respomse to high
comcentration exposure [123,124). The experimental data of
Boroske et al om single bilayer egg-lecithia vesicle showes a good
agreement with the above relationship [124]. Equatiom 3.15 is
used to arrive at the permeability coefficiemt ,p, as the rate of
change of radius of vesicle is directly proportionsl to the
negative of the solute comceantratioan gradieat across the membrane
AC, and P is the proportionmality constant. The permeabdility has
beea measured to be 37-41 um/s for egg-lecithin vesicles

95,123-125].

Now assuming that the membrane is made up of 2a 1lipid
molecules with effective surface area per molecule of X gnd that

the 1ipids are shared equally between the two layers of the
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membrane, the membrane surface area is given as

Now as (spherical geometry)

dA/dt = 8xR (dR/dt)
solving for dR/dt we have
dR/dt = (dA/dt)/4(xA)*/?
or
= [d(3A)/dt]/4(xA)*/3 (3.17)
Therefore Equation 3.15 becomes
dA/at = —4V_u*/3pacat/? [3.18]

Integrating Equation 3.18 we have

R e (3.19]

vhere

>
.
[}

A(t=0)

A(t=t)

(.4
"

‘v;l‘/’PAc

Equation 3.19 for a positive a (i.e. bhypertonic condition,
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positive AC) reflects the reduction of the membrane surface ares
as a subsequence of shrinkage. Now according to our assumption
(A=nk), the reduction in the area of the system is oaly possible
through two modes; (i) the effective area per molecule A s
decreased vhile the number of molecules in the membrane is
conserved, (ii) the number of molecules residing in the membrane
is reduced while the area per molecule X remains constant. The
first mode of area reductionm results in am increase in the density
of molecules within the membrane which will be acocompanied by aa
increase in the intra-membrane pressure. It is reported that in
fact freeze—induced dehydrated cells have higher iatra-membrane
pressure at shrunken state [108, 126,127]. It is believed that
the second mode of area reduction is preceeded by the first mode.
That is, the intra-membrane pressure increases first but it caa
not increase indefinitely. Once a certaia level is reached the
membrane is relaxed through expulsion of molecules from the
membrane surface. There exist several experimental reports of
observations of such behavior [36,128-130]. These matter will be

discussed in detail in a later chapter.

D, Descriotion of Osmotic Hemolysis

Red blood cells suspended in a medium removed from the

physiological (isotomic) ocondition undergo drastic shape changes
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which is uwsually concurrent with changes in surface area and
volume. The extent of area and volume changes depend oa the
tonicity of the suspending medium, Specifically, in ocase of
bypotonic exposure the cell volume is increased while the ares
remains almost comstant [25,26], and in the case of hypertonic
exposure the cell volume amnd the effective surface area are
decreased. Regardless of the 9perturbatioa mode, if the
disturbance is large emough it leads to the hemolysis of the red
blood cell (perhaps due to distortion of the membrame). A
diagramatic representation of the hemolysis process dus to actioa
of a lytic agent is given in Figure 3.1 [86]. Hemolysis is not a
simple osmotic phenomenon as it depends on the type of solute as
well as the extent of osmotic perturbation [26,34]. Nevertheless,
a simple thermodynamic analysis with a simplistic view of the cell
osmotic behavior gives a good description for the red ocell

hemolysis.

During freezing water is excluded from the cell suspensioa
through the formatiom of ice. The subsequent increase ia the
. extracellular salt comceatration creates anm osmotic pressure which
acts as a driving force for transport of water out of the cell.
This chemical effect called "osmotic shock” is intimately ocoupled
with temperature and changes simultaneously vwith ochanging

temperature during the freezing and thawing cycle.
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The chemical potential p of the ith species in a solution is

givea by
My = p3(T,P) + RTlna,

where ﬂ: is the reference chemical potential and is only a
function of pressure and temperature for both solute aad solvent,
and a; is the activity of the ith species. The cell membrane as
mentioned earlier is permeable to water amd impermeable to most
salts. A model representioa of the cell is given in Figure 3.2,
As the chemical potential across the cell membrane is removed from
equilibrium, for example by freeze-induced dehydratioa, a chemical

potential gradiemt across the cell membrane will result

Alli = RTA(1na;)
where
Aug = p3 - uf
A(1nay) = 1na} - 1mad

This trans-membrane differemce in chemical potential results
in a water flow across the membrane in order to reach equilidrium
(Apg=0 ). If the extermal solutiom is made hypertonic, as is the
case for freezing, them to reach equilibrium water must flow out

of the cell. The loss of water is then reflected in shape changes



73

and a reduction in cell volume and the cell membrane is forced to
shrink om its contents., It is likely that hemolysis occurs when
the cell has 1lost all its free water and under the osmotic
pressure due to the trans—membrane chemical potential gradiemt is
forced to release its hemoglobin content. The loss of hemoglobin
preceeds by rupture of the cell membdbrane. If the suspending
medium of the cell is made hypotonic as is the case for thawing,
the cell volume is increased as the water flows iato the ocell.
Hemolysis occurs when the cell membrane area imcrease fails to
keep up with the increase of the cell volume and ruptures, vhere

hemoglobin is again lost from the cell into the suspending medium.



CHAPTER IV

EXPERIMENTAL SYSTEM

The experimental aspect of this work iavolves measurement of
the hemolysis kimetics of bhwman red blood cell populatioas at
different temperatures due to a step change ia the solute
concentration of the suspendiag medium of the red blood cell. To
obtain kinetic data a temperature controlled stop flow system 1is
nploy.od which provides rapid mixing. The dynamics of damage are

inferred from these measurements.

The hemolysis of a single red cell, provided that sufficiemt
level of perturbatioa exists, is known to be an all or nom event
(132). BHowever, due to a distridutioam of cellular properties all
cells in a sample population do not hemolyse at the same
time,1.0., a finite time is associated with the hemolysis dymamics
of a ocell population. For many years the standard techmigue for
hemolysis measurement of a blood sample iavolves the static
measurement of the hemoglobin absorptioa [132). Because of the
time required for the sample preparation process (several minutes)

this so-called spectrometric technique gives a time average

74
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measure of the hemolysis. Such a static measurement has
sigaificance onmnly for a system with a very slow or non-existant
dynamics (relatively long-time respomse). The red cell hemolysis
kinetics are very rapid in some cases of interest here and early
time data are essential for a complete understanding and modelling
of such a kinetic process. To obtain hemolysis kinetic data at
reletively short times (seconds) ome must apply a technique which
provides rapid mixing and a technique to measure the response of

the cell in order to produce a complete hemolysis time history.

Since the cellular osmotic response is very fast (about
250msec [133]) the rapid mixing is essential aad dictates the
accuracy aad reproducability of the results. The stop flow
technique provides very rapid mixing which has been used to study
fast chemical reaction kinetics aad cell membrane permeabilities
[134,135]. To measure the cell population response to the step
change solute perturbations induced by the stop flow technique,

the light scattering technique is employed.

In this chapter the experimental apparatus coastructed for
this work is presented. First, the stop flow system aloag with
the theory of the operation of the experimental system |is
preseanted. Second, major components comprising the system are

discussed separately.
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A, Introduotion to the Stop Flow System:

To obtain the kinetics of the human erythrocyte destructiom a
modified stop flow apparatus equipped with temperature coantrol has
been designed and constructed. The stop flow technique allows
rapid and controlled alteration of the extracellular medium., In
this work it is used to rapidly introduce the red blood cells to a
desired 1level of sodium chloride comcentratioa. By detecting the
light transmitted by the cell population the system response is

recorded and the hemolysis kinetics are theam deduced.

Although the experimental concept seems to be simple at
fizrst, due to the biological nature of the prodlem, extreme care
is required at every step of the way in order to miaimize and
control various factors which ocam introduce errors. Poteatial
error problems associated with the measurement will be discussed
in detail 1later. The schematic representation of the stop flow
system is given in Figure 4.1. The system designed for the

preseat work is a three-part system;

1) a fluid delivery system which consists of a fluid driving
system, a mixing chamber, and finally an observation chamber.
2) an optical system which consists of a light source and s

light detector (photocell) and aa operational amplifier
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cizounit,
3) a temperature control system designed to maintain the system

at the desired temperatures.

‘Tho fluid delivery system delivers the proper ratios of the
cell suspension and the desired saline solution to be mixed and
delivered into the observation chamber. To insure proper mixing
the solutions are passed through s mixing chamber before reaching

the observation chamber.

The theory of the operation of the experimental apparatus is
described as follows; Intact red ocell suspensioas scatter aad
absord light very effectively which is <reflected in the creamy
appearance of such a suspension. Once the oxygen-dinding protein
hemoglobin leaks out of the cell (which for am individual cell is
known to be an all or nome eveant, and the cells are s0 called
hemolysed) the cell suspension appears bright red and transmits
the 1light very effectively. Therefore, provided that ome can
achieve instaataneous mixing of the lytic agent and the red cells
without subjecting the cells to a mechanical stress, the
transmitted or scattered light intensity omce calibrated should
provide a measure of the extent of hemoglobin release and
consequently the exteat of the hemolysis in the population. That
is, provided that the light intensity is calibrated as a fumction

of the extent of hemolysis, one can obtain the hemolysis time
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history from the light intensity measurements.

At this point we should point out that, as was discussed
earlier in ochapter 3, the <cell responds to a comcentration
gradient across its memdbrane osmotically by changing its water
content and therefore its volume. In the presemt work the lytic
agent is hypertomic sodiwmm chloride solutiom, so that when the
cell is iatroduced to such a conmdition it will lose its water
content and subsequently shriak before bdecoming hemolysed. The
reduction in the individual cell volume is concurzeat with the
reduction of the total cross—sectional ares of the 1light
attenuating sites. This at first may seem to result in an
increase in the detected light intemsity, however, as they shrink
the red blood cells become spherical, absorb amd scatter the light
more effectively tham when in the normal state. In fact the
amount of the 1light absorbed by a suspension of cells ia the
spherical configuratioa is up to 2.5 times that of the suspemsion
of mnormal red celle (bicomcave shapes). Therefore monitoring the
light inteasity ome observes aam initial drop which is a function
of the tomicity of the sodium chloride solutioa. The cell volume
effoet on the system response will be further discussed in Chapter

S.

B, Major Components
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The major components comprising the experimentl apparatus
are: the fluid delivery system; the optical system; the mixing
system; and the thermal control system. These are described in

detail in this section.

1, The Delivery System

The fluid delivery system shown in Figure 4.1 coastitutes a

major component of the system and comsists of:

(1) The reacting solutions reservoir

(1i) Two drive syringes

(111) A solenoid-activated drive bar connected to the plumgers
(iv) The mixing unit

(v) The optical chamber

(vi) Solemoid valves

The drive syriages are comnected to the packed red cell <reservoir
of desired hematocrit 1level and to the reservoir of reacting
sodium chloride solution of kmowa tomicity respectively. The
solutioan reservoirs are housed in a plexiglass block and the
syringes are comnected to the block through a wai-axial three-way

valve.
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Top and side views of the plexiglass block are presented in
Figure 4.2. The drive syringes are 10cc and lcc Hamiltoa syringes
with Luer tips and the plumger tips are teflom coated to creste a
biologically-inert eaviromment. The plungers are coupled through
s solenoid-activated drive bar which provides equal stroke lengths
for both syringes. The subsequent volume ratio of fluid delivered
from the two syringes is calculated to be 9 .67:1, The drive bdar
is driven by pressurized air amd is usually operated at 30-40 psig
which is activated by a solenoid valve. The drive syriages are
coanected through the three-way valve to & mixing uamit with tygoa

tubing.

The mixing unit is an important part of the stop flow system
and plays a sigaificant role ia terms of the reproducibility of
the data. It is responsible for providing a homogesmeous mixture

of the test solutiom and the cells.

The desiga of the mixiamg umit is such that it would provide a
turbulent flow amd therefore effective mixiag. A desiga criteria
is that the mizing process must not introduce azy mechanical
damage or stress to the cells., This criteria in tura dictates the
flow characteristics and therefore the driving pressure. To
create turbulence aad hence enmhance the mixing of packed cells amd
the salime solutioa, the solutioms are introduced into the =mixing

unit at 90 degrees. The mixing chamber is shows schematically ia
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Figure 4.3.

The mixed solution after mixing is delivered to the optical
chamber which is a vertically held glass column with OD=6mm, and
ID=4mm and length of 10cm. The column is held in the vertical
position and 1is made long enough so that the cell sedimentation
offects are negligidble. That is considering that the red ocell
sedimentation velocity is on the order of .Scm/hr, it will not

effect the measurements with duration periods of 5-10 minutes.

A major source of error comcerning the stop flow system is
associated with the mechanism of stopping the flow. Once the
drive bar is activated it will provide a time dependent force to
drive the fluids. The flow velocity may or may not reach a steady
value during the delivery period aand this may cause significant
error in measured hemolysis. This means one needs to use a
sophisticated mechanism to stop the flow without creating uanwanted
transients. In the present system am effective shut-o“ mechanism
is used which insures the instantaneous halt of the mixed fluid in
the optical column at zero time with minimal transieats. The

shut-off mechanism is presented schematically in Figure 4.4.

An on and off trigger is mounted on the drive bar support.
The location is chosen such that the drive bar reaches the trigger

before it begins the deceleration, assuring a very steady flow at
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the instaat of shut-off. The trigger is connected to two solemoid
valves positioned at the two ends of the observation column, The
two solenoids then shut-off at the same time, thereby bisecting a
column of the flow at an instant of time. The mechanism works as
folows: ‘fho solenoid at the exhaust end of the optical column is
a two-port valve while the solenoid at the wupstream end, right
after the observation chamber, is a three-port valve. The
three—vway solenoid valve is used to direct the flow from the
observation chamber into a ocollecting beaker which allows the
drive bar to come to the resting position without creating a
pressure build up due to the trapping the flow in the observation
column., Both solenoids are chosen as 12 volt D.C. powered valves

to avoid any noise commonly associated with A.C. units.

The syanchronized valve shut-off mechanisa eliminates problems
such as back flowv and the pressure build up aad the subsequent jet
flows associated with other stoppage mechanisms. Besides
eliminating the forementiomed flow artifaots, it also precisely
marks the experimental zero time aad emhances the reproducibilty

of the delivered mixture ratio.

2. OPTICAL SISTEM

The optical system is showa im Figure 4.1 and consists of:
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(1) The 1light source
(i1) Voltage regulated D.C. power supply

(111) Photocell and amplifier circuit

The light source is a 6 volt microscope illuminator tungstea bulbd
and is powered by a voltage regulated D.C. power supply. To
eliminate contact resistance effects associated with ordimary
spring loaded electrical contacts, the leads from the power supply
are directly soldered to the bulb. A Zeiss universal microscope
light housing equipped with a variable diaphragm is used to hold

the buld.

The 1light is directed through a hole bored in a solid brass
cylinder, which is used to hold the observatioa chamber and also
acts as the heat reservoir for the thermal comtrol system. The
light after passing through the observation column falls dirzectly
incident on the photocell. The photocell voltage output is
amplified and 4is then recorded by s strip chart recorder. The
amplified photocell voltage output for the normal salin; solution
used as a standard is chosen to be 10 volts which is achieved for
every experimental rum by adjusting the 1light source intensity
level by regulating the power supply voltage. The typical value
obtained for the intact cell suspension of about 4% hematoocrit at
isotonic conditiom 1is about 65mv and the output voltage for a

totally hemolysed cell suspension is about § volts. This means
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that for early times the error associated with the drift of the
incideat intensity from the nominal value is very small (less than
.5%). The overall photocell output drift is less than 5% over the
period of 2 hours. Considering the 5-10 minutes duration foriod
for each experimental run the photocell output drift is less than
1%. In fact because of the logarithmic behavoir of the photocell
response and the normalizatioa procedure the error at later times

due to the light intenmsity drift is also very small.

3. MIXING SYSTEM

The mixing system shown ia Figure 4.3 plays a very important
role conceraing the overall performamce of the stop flow system.
The mixing chamber is made from clear plexiglass and the test
solution inlet is at 90 degrees with respect to the packed cell
solutiona inlet. The flow rate through the =mixing unit and
therefore the extent of the turbulence created iam the unit is a
direct function of the driviang pressure. This implies that the
higher the flow rate, the more effective is the mixing. However,
the process of determining the optimal operating flow rate is not
so simple. This is due to the compliamce of the tygoa tubings and
the drive mechanism in general aad the damaging effeot of shear
stress oa the cells caused by such a turbuleat miziag in

particular. The shear stresses introduced in the =mixing process
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could result in an over estimation of the actual damage due to the

reacting agent. This matter is discussed in Chapter VI,

4. THERMAL SYSTEM

To obtain the hemolysis kinetics at temperatures differeat
than room temperature, the stop flow system is equipped with a

thermal system which consists of:

(i) A heat exchanger unit associated with the test solutioa
(i1) A heat exchanger unit associated with the observatioa
chamber

(i1i) Temperature sensors and coolamt circulator

To quaatify aand account for the effect of the 1low
temperatures oa the kinetics of red blood cell hemolysis the
inteatioa of this research has bdeen to compare the room
temperature responses to those at the subzero temperature
experienced by a cell in a cryopreservation process. However, to
avoid ice formation in the present experimental system the exteat

to which the temperature of the system could be lowered is
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lipitod. The 1lowest temperature which could be achieved without
freezing the sample is about -10 degrees centigrade at a sodium

concentration of 4m.

Another important factor comceraing the design of the thermal
control system was that the blood cells should be kept at ambient
temperature until they are subject to mixing with the lyéic agent.
Therefore the syringe and the reservoir containing the packed
cells are not included in the temperature control design of the
system and are kept at room temperature. The effective mixing
ratio for the stop flow system is about 10:1, bence the error
introduced due to the temperature discrepancy of the mixing fluids
is very small (1 C for about 20 seconds for the lowest temperature
considered here). The zero time temperature of the mixture was
recorded to be up to 25% higher than the desired temperature,
however, the temperature reaches the desired value within 2-4

seconds depending on the final temperature desired.

To cool the test solutiom a heat exchanger unit was
coastructed around the syringe containing the 'tut solutioa. The
lines commecting the test solutiom to the mixing chamber are well
insulated to keep all parts of the system with the exceptiom of
parts containing packed cells at the desired temperature. To
assure that the observation chamber remains at constant

temperature throughout the experiment amd the fluid delivered to
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the celwmn oould reach the desired temperature in a short time,

the observation column is located inside a solid brass housing.

The brass housing is cooled by passing coolant through copper
tubes located on either side of the glass column. This provides a
heat reservoir with very large thermal mass and hence a very
stable and umniform temperature distribution across the observation
chamber. The two heat exchanger units are coupled and the cooling

is provided by a coolaat circulator.

The temperature of the compoments of the system are measured
by two thermocouples. A thermocouple is 1located in the
observation chamber close to observatioa site aad another is
placed at the test syringe wall. The coolant flows through the
system for at least 2 hours before each experiment where the
temperature of the coolaat pirculntct is adjusted to reach the

desired temperature.



CHAPTER V

OPERATIONAL CHARACTERISTICS AND CALIBRATION

OF THE STOP-FLOW SYSTEN

The experimental aspect of the present research concerned the
design and development of an improved stop-flow system with the
potential for measuring destruction dynamics of the red blood
cell. The system theory of operatioa amd major cﬁlpononts
compzrising the experimental aparatus were discussed in chapter 4.
This chapter is comcerned with the operational characteristics aad

calidbration of the experimental system.

First, the general characteristics of the stop—flow systea
such as the traasient <cesponse and cell volume effects om the
system outpst will bde discussed. Second, the calidbration
procedures are discussed and the results are preseated. Finally,
the effect of cell number demsity on the calibration p:6t0001 and

messured kinetic datas will be discussed.

A, General Charscoteristics

The experimental aspect of the present work iavolved the

92
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desiga aand development of a system capable of introducing desired
step changes in the concentration of the extracellular medium at
controlled temperatures in the ramge of -10°C to room temperature
(about 23°C). Although the original design of the oxporiiont.l
system vwas straightforward, obtaining quality data proved to be
very difficult. MNaay modifications and refinements of the initial
design were required to realize a system with the desired
characteristics, such as oomplete mixing amd negligible flow
offects, essential for the integrity of the preseat effort. The
problems were effectively dealt with and corrections were made
which are discussed in ochapter 6. Here we will discuss the
goneral characteristics and response of the refined version of the

system used to obtain the reported hemolysis kinetics data.

The system behavior operated at room temperature differed
somevhat from that at lower temperatures. The major difference
was that it required an initial period of ome hour for the systea
components to reach the isothermal comdition at the desired
sub-atmospheric temperatures. The compressed-air pressure
requized to drive the plunger was about 20 psi at -5°C compared to
40 psi required when operated at room temperature. This is due to
the differemce in the coefficient of thermal expansioa of glass
and aluminum. The glass syringe expands more than the aluminum
plunger, creating smoother and a less tight fit. The warmup time

roequired for the light source amd the photocell and operational
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amplifier circuit to reach steady state was about 15 minutes.

However, the system was allowed one hour to warmup.

The mixing ratio of the blood and test solutiom delivered to
the observation chamber 1is pressure dependent and the highest
blood/test solution ratio was obtained at 30 psi at room
temperature. The small syringe (comtaining the packed cell
solution) and the large syringe (comtaining the test solution) had
455 om and 1.415 ocm radii respectively. Therefore, the
theoretical ratio of the test solutioa volume with respect to

packed cell solution volume (R/r)* is calculated to be9.67:1.

Nevertheless the actual mixture ratio delivered to the observatioa
column was measured to be somewhat less tham this. For example
for a packed cell solution of 55% hematocrit the delivered
hematocrit was 4% at room temperature. The pressure dependence of
the delivered hematocrit is presented ia Figure 5.1. It should be
noted here that the normalized hemolysis kinetic measurements were
insensitive to the mixture ratio, i.e. the delivered bhematoocrit,
The percent hemolysis data are obtained at 4% nominal hematoorit
and the corresponding photocell is measured to be about 65 mv at

isotonic comdition.

The 1light intensity was adjusted to 10 volts for the
observation column containing the sodium chloride osmalality equal

to that of the test solution before each run., The system output
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voltages mormalized with respect to the isotonic saline solution
output for different levels of sodium chloride conceantration is
plotted im Figure 5.2, The data indicates that the measurements
are quite independent of the salt concentration in the observation

chamber.

The normalized photocell output behaves very 1linearly with
respect to normalized lamp voltage independent of whether the
observation chamber is filled with ocells or mnormal saline
solutions. The data is shown in Figure 5.3 which indicates,
although the magnitudes of the photocell output are differeat for
the two ocases, the mormalized voltages are quite the same. This
implies that the systems response is independent of the conteat of

the observation column.

1, Initial Trapsient of Output Signal

The stop-flow system transieat response is related directly
through the calibration curve to the hemolysis of the blood cell
suspension in the observation chamber. In order to relate the
phetocell voltage output to percent hemolysis the data is
normaliz