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Abstract
The work presented in this thesis constitutes the first systematic experimental, the-
oretical, and practical investigation on the partitioning of biomolecules (hydrophilic
proteins and viruses) in two-phase aqueous micellar systems.

The partitioning behavior of five hydrophilic proteins (cytochrome c, soybean
trypsin inhibitor, ovalbumin, bovine serum albumin, and catalase) in two-phase aque-
ous micellar systems, composed of the nonionic surfactant CloE4 or the zwitterionic
surfactant Cs-lecithin, was investigated. The partition coefficients of these proteins,
Kp, which is the ratio of the protein concentrations in the two coexisting micellar
solution phases and constitutes a quantitative measure of the partitioning behavior,
were found to be of order 1. The protein partitioning results suggested that the ob-
served partitioning phenomenon is driven primarily by excluded-volume interactions
between the partitioned biomolecules and the non-charged micelles. A theoretical
formulation based on an excluded-volume description of micelle-protein interactions
was developed, and the theoretically predicted partitioning behavior was found to be
in good agreement with the experimental protein partitioning results.

The partitioning behavior of three bacteriophages (X174, P22, T4) in the two-
phase aqueous CloE4 micellar system was subsequently investigated, and the partition
coefficients of these viruses, K,, were found to be of order 10- 3 , indicating the much
more extreme partitioning behavior of virus particles as compared to that of proteins.
A theoretical formulation, based on an excluded-volume description of the interactions
between flexible micelles and virus particles, was developed. The theoretical descrip-
tion incorporated explicitly the effect of micellar flexibility on the virus partitioning
behavior, since micellar flexibility is expected to play an important role in the case of
large virus particles. The new theoretical formulation was found to over-predict the
partitioning behavior of the larger virus particles examined when compared with the
experimental virus partitioning results.

A preliminary investigation on possible kinetic aspects associated with the par-
titioning phenomenon revealed that the experimentally observed virus partitioning
behavior may actually be complicated by kinetic effects, including the slow diffusion



of virus particles and the convect,,n of the microscopic phase domains that form
during phase separation. This may help explain the observed deviations between the
theoretically predicted virus partition coefficients, which should represent a true ther-
modynamic equilibrinu condition, nd the experimentally measured virus partition
coefficients.

The feasiliY 'y of utilizing two-phase aqueous micellar systems as a useful and
practical sepa~. tion or concentration method was investigated by simultaneously par-
titioning a prottein (ovalbuiin) and a virus (P22) in the two-phase aqueous CloE4

micellar system. t was found that, by manipulating the volume ratio of the two co-
existing micella, phases, the desired separation or concentration efficiencies of these
two biomolecules can be achieved.

Dynamic ligh, scattering studies were conducted to investigate the underlying
solution structur( of the C1oE4 aqueous micellar system. The crossover surfactant
concentrations, OA*, denoting the transition of the micellar solution structure from
the dilute to ;he semidilute (entangled) regimes, at various temperatures, T, were de-
duced from the lit scattering results. The light scattering results also suggested that
the solution structure of the two coexisting micellar phases in the two-phase aqueous
C10E4 micellar system is very different, with the bottom (micelle-poor) phase con-
taining individually dispersed micelles, and the top (micelle-rich) phase containing
a transient mesh or net of interpenetra'ing micelles. This difference in the struc-
ture of the two coexisting micellar solution phases may play a role on the observed
partitioning behavior of biomolecules in two-phase aqueous micellar systems of this
type.

It is hoped that the encouraging results presented in this thesis will stimulate
further fundamental as well as practical investigations on the partitioning of solute
species (both of biological and non-biological origins) in two-phase aqueous micellar
systems. This w.ll lead to an improved understanding on how to better control,
optimize, and exploit these fascinating systems as a novel practical methodology
for the separatior., concentration, and purification of biological and non-biological
materials.

Thesis Supervisor: Daniel Blankschtein
Title: Asscciate Professor



Acknowledgements

I would like to thank my thesis advisor, Prof. Daniel Blankschtein, whose insight,

intelligence, and abundant knowledge in the micellar and colloidal area were the most

important guidance of this research. His enthusiasm towards research has inspired

me to work hard and to achieve the best possible. His concern on students extends

beyond scientific dialogues and into students' daily lives. I am lucky to have such

a caring and understanding advisor to guide me through my Ph.D. research. He is

indeed my mentor in all aspects, and in my heart, he is the role model of an advisor.

I am also grateful to my thesis committee members, including Prof. Charles L.

Cooney, Prof. T. Alan Hatton, Prof. Jonathan A. King, and Prof. Daniel I.C. Wang,

for their interest in this work. They gave many valuable ideas and generously assisted

the progress of this work. Specifically, Prof. King provided viruses and bacteria

for my partitioning experiments, and laboratory space for conducting the biological

activity assay; Prof. Hatton kindly allowed me to use his UV spectrophotometer; and

Prof. Wang recognized the potential of this work and encouraged me to focus on the

practical and applicational aspects.

I would like to thank people in my research group. Drs. Sudhakar Puvvada (the

"Guru") and Teresa Carale, the first two students in the group, have taught me so

much about research as well as how to handle life here. They were important guides

when I first came to this country and joined this group. Dr. Nicholas Abbott, who

conducted profound studies on two-phase aqueous polymer systems, assisted me in

both experimental and theoretical aspects. I especially thank Dr. Yvonne Niikas, a

post-doctoral fellow, for helping me develop the theoretical formulation and for being

a good friend. Dr. Leo Lue, a young genius, also helped me with the theoretical aspect

of this work with his extensive and non-parallel knowledge in statistical mechanics.

I am amazed that he is always ready and patient to explain all the details of the

derivations.

In addition, Pak-Kai Yuet selflessly shared his knowledge on experimental data

analysis and light scattering. Mark Johnson helped me when I was using radioactive



;.,aterials. Younger generations in the group, including Anat Shiloach, Nancy Zoeller,

Ayal Naor, Ginger Tse, Crist Clark, and Samir Mitragotri, are all good friends. I

-..rely have benefited considerably and enjoyed working in this group!

I would also like to thank several UROP students: Tina Srivastavi was conducting

preliminary research of this work before I started my research; LortiL. Eaugh and Eric

Dong, although with whom I only worked for a short time, helped nk, greatly in my

research. I enjoyed working with them.

I am also grateful to other people in this department. Dr. Brian Kelley (in Profs.

Wang and Hatton's group) provided many interesting ideas and m terials for my

experiments. Drs. Costas Patrikiosis, Paschalis Alexandridis, and Hiroshi Saito are

good friends and helped me with experiments.

In addition to people in the Department of Chemical Engineering, I particularly

appreciate help from the biology community. In Prof. King's research group, Barrie

Greene, Cameron Haase-Pettingell, Margaret Speed, Dr. Anna Mitaki, Dr. Carol

Teschke, and Dr. Ann Robinson taught me how to conduct the virus assay, provide 

their laboratory space for my experiments, and educated me in microbiology. I always

appreciate their kindness, patience, and tolerance to a chemical engineer who did

not have much biology background. I also received help from biologists in other

universities: Prof. Bentley Fane at the University of Arkansas kindly provided the

bacteriophage X174 and the host bacteria, and Prof. Edward Golcberg at Tufts

University provided the host bacteria of the bacteriophage T4 for my experiments.

I would also like to express my gratitude to people in the physics area. I had

many helpful discussions on the light scattering technique with Dr. Henry Thomas

in Prof. George Benedek's group in the Department of Physics, and Jyanti Pande

(in the same group) taught me how to work and handle proteins. Prof. Sow-Hsin

Chen in the Department of Nuclear Engineering and his students (Dan Lee, Jamie

Ku, and Yin-Chun Liu) helped re with the neutron scattering experiments, although

I could not achieve any neutron scattering measurement. I would like to thank Drs.

Fernando Garcia Golding and Mauricio de Lorenzo at Intevep, S.A. (in Venezuela)

for their assistance in my light scattering experiments. I was fortunate to be an



"apprentice" of Fernando when I first started the ligtl scattering experiments, and

I learned many experimental details from Fernando and Mauricio by communicating

with them through e-mails.

Last but definitely not the least, I would like to thank my family and friends for

their continuous encouragement aali support throughout these years. I am indebted

to my parents; it was their love, c re, and education which led me to M.I.T. My dear

husband, Jeng-Jong Lee, never faiiL to provide his loving support and tender care to

help me in every way, despite his o vn heavy work as a graduate student at M.I.T.

I am indeed lucky to have his company and love in my life. My sister, Margaret

Liu, and brother-in-law, Thomam Kao, are always there to listen to me and give me

comfort and support. My sister-in-l iw, Aichu Li, and her husband, Karl Ebner, took

good care of me. Miriam Yee (and her dog Veena), with whom I was hanging out

during my first year at M.I.T., and Hsiao-Li Chang, my best friend in college, have

constantly cheered me up and encouraged me to hang in there. I would like to thank

my brother Chiaming Liu, my grandparents and relatives, my parents-in-law and

sisters-in-law, as well as all the friends at M.I. l'. and old classmates in Taiwan, for

their encouragement and support. Finally, I am grateful to my professors at National

Taiwan University for the knowledge and education I received from them.

With my experience of graduate study, I realize that no one can complete a Ph.D.

study merely by him- or herself. I coi.sider myself lucky to have had so much support

and encouragement, for I was always able to find a helping hand when I needed one.

To express my deepest gratitude to everybody, I can only say -from the bottom of

my heart - THANK YOU!



Contents

1 Introduction

1.1 General Considerations.

1.2 Literature Review .

1.2.1 Partitioning of Biomolecules in Two-Phase Aqueous

Polymer Systems ...................

1.2.2 Structural Characteristics and Phase Separation

Behavior of Aqueous Micellar Solutions .......

1.2.3 Interactions Between Hydrophilic Proteins and

Surfactants.

1.3 Motivation . ..........................

1.4 Research Objective and Method of Approach ........

1.5 Overview of Thesis ......................

2 Protein Partitioning in Two-Phase Aqueous Micellar

2.1 Introduction. .......................

2.2 Experimental Approach.

2.2.1 Materials .....................

2.2.1.1 Surfactants ...............

2.2.1.2 Hydrophilic Proteins.

2.2.1.3 Buffer Solution . . . . . . . . . . . . .

2.2.2 Coexistence (Cloud-Point) Curve Measurement

2.2.2.1 Apparatus . ...............

2.2.2.2 Experimental Procedures .......

Systems

8

22

. . . . . . 22

. . . . . . 23

. . . . . . 23

. . . . . . 28

. . . . . . 38

. . . . . . 41

. . . . . . 47

. . . . . . 48

50

..... . .50

..... . .51

..... . .51

..... . .51

..... . .55

..... . .56

..... . .56

..... . .57

..... . .59



2.2.2.3 Results and Discussion

2.2.3 Correlation Plots of Proteins ........

2.2.3.1 Equipment ............

2.2.3.2 Experimental Procedures

2.2.3.3 Results and Discussion .

2.2.4 Protein Partition Coefficient Measurement

2.2.4.1 Equipment ............

2.2.4.2 Experimental Procedures .

2.2.4.3 Results and Discussion .

2.3 Theoretical Approach .

2.3.1 Theoretical Formulation.

2.3.2 Comparison of the Theoretical and Experimental

Partitioning Results ................

2.4 Conclusions .........................

......... . .. 63

64

. . . .. . . .. . .65

...... ... . .66

...... ... . .68

...... ... . .68

......... . .68
69

......... . .. 71

71

77

79

3 Partitioning of Virus Particles in the Two-Phase Aqueous CloE4

Micellar System 83

3.1 Introduction ................................ 83

3.2 Overview of Virus Properties ....................... 84

3.2.1 General Properties of Viruses .................. 84

3.2.2 Reasons for Choosing Bacteriophages in the

Partitioning Experiments ....... .............. 85

3.3 Experimental Approach ......................... 87

3.3.1 Materials ............................. 87

3.3.2 Biological Activity Assay . .................... 88

3.3.3 Virus Stability Test ........................ 91

3.3.4 Coexistence Curve Measurement . ............... 93

3.3.5 Partitioning Experiments . ............ 95

3.3.5.1 Experimental Procedures ............... 95

3.3.5.2 Partitioning Results .................. 95

9

60



3.4 Theoretical Description of the Virus

Partitioning Behavior .......................

3.4.1 Introduction . .......................

3.4.2 Derivation of the Excluded-Volume Theoretical Model

3.4.3 Calculation of Virus Partition Coefficients and

Comparison with Experimental Results .........

3.4.4 Discussion of the Deviations Between the Predicted

and Experimentally Measured Partition Coefficients . .

3.5 Preliminary Study on Kinetic Aspects of

Partitioning.

3.5.1 Evidence of Possible Kinetic Effects .

3.5.2 Experimental Methods.

3.5.3 Results and Discussion.

3.5.4 Qualitative Rationalization of Kinetic

Partitioning Phenomenon ......

3.6 Conclusions ..................

112

112

114

117Effect . s on the. . .

Effects on the

122

126

4 Utilization of Two-Phase Aqueous Micellar Systems as 

Separation or Concentration Method

4.1 Introduction and Motivation .................

4.2 General Considerations Associated with

the Unequal-Volume Partitioning Strategy .........

4.2.1 The Lever Rule ....................

4.2.2 Definition of Two Useful Parameters for Assessing

Separation and Concentration Efficiencies .....

4.3 Experimental Approach.

4.3.1 Materials .......................

4.3.2 Experimental Methods.

4.3.3 Results and Discussion.

4.4 Comparison with Other Separation Methods ........

L Practical

128

128

131

132

135

137

.. . . . . 137 .. . . . . 137

.. . . . . 141

.. . . . . 148

10

. 100

. 100

. 102

1Q7

111



4.5 Conclusions and Potential of Utilizia 6

Two-Phase Aqueous Micellar Systems

as a Practical SeparatioLn Jr Concentration Method ..... ... . . 151

5 Dynamic Light S.tering Studies of the CoE4 Aqueous Micellar

System 154

5.1 Motivation ................................. 154

5.2 Basic Principles of Dynamic Light Scattering .............. 155

5.2.1 Theoretical Background ..................... 155

5.2.2 Experimental Principles and Data-Analysis Technique ..... 159

5.3 Experimental App.roach.

5.3.1 Equipment .

5.3.2 Experimental Procedures .

5.3.2.1 Sample Preparation.

5.3.2.2 Light Scattering Measurement .

5.3.3 Analysis of the Experimental Results . . .

5.4 Results and Discussion.

5.5 Conclusions ....................

... . . . . . . . . 161

... . . . . . . . . 161

... . . . . . . . . 162

... . . . . . . . . 162

... . . . . . . . . 162

... . . . . . . . . 164

... . . . . . . . . 166

........... 171

6 Summary and Possible Extensions of the Work Presented in This

Thesis

6.1 Summary of the Central Results .....................

6.2 Possible Extensions of the Work Presented in this Thesis .......

6.2.1 Partitioning at Different Conditions or in Different

Two-Phase Aqueous Systems ..................

6.2.2 Partitioning of Other Solute Species ...............

6.2.3 Developing Theoretical Formulations ..............

6.2.4 Investigation of Micellar Solution Structure ...........

6.2.5 Investigation of Kinetic Aspects of Partitioning ........

6.2.6 Removal of Micelles from the Desired Materials ........

11

173

173

176

176

178

180

181

181

182



A Derivation of Equation (2.6) in Chapter 2

B Bacteriophage Concentration Determination 192

B.1 Procedures Involved in the Biological Activity Assay ......... 192

B.2 Possible Sources of Error in the Virus

Concentration Determination . . . . . . . . . . . . . . . . . . . 196

C Stability Test of Bacteriophages 200

C.1 Solution Conditions Examined ...................... 200

C.2 Experimental Procedures .. ....... ................ 201

C.3 Results and Discussion .......................... 202

D Procedures for Growing Host Bacteria 210

D.1 Growing the Bacteria Source Solution

("Overfight") . . . . . . . . . . . . . . . . . . . . . . . ...... 210

D.2 Growing the Plating Bacteria ...................... 212

E Recipes for Preparing Various Media and Solutions Used

in the Biological Activity Assay 214

Bibliography 217

12

184



List of Figures

1-1 Phase diagram and phase compositions of the poly(ethylene oxide)

(PEO)-dextran two-phase aqueous system with Dex48-PEO 6000 at

20°C. Dex48 denotes dextran having an intrinsic viscosity of 48 mL/g

and a weight-average molecular weight of 460,000 dalton, and PEO 6000

denotes PEO having a number-average molecular weight in the range

of 6,000 - 7,500 dalton (from Reference [13]) ............... 24

1-2 Comparison of the length scales (sizes) associated with proteins and

polymers, either as individual coils or as a net (mesh). D is the diam-

eter of a protein molecule, Dp is the diameter of a polymer coil, and p

is the mesh size of the polymer net ................... 29

1-3 Phase diagram of the C12E6-water system. The letters denote vari-

ous solution structures at different temperatures and surfactant con-

centrations. W=micellar solution with low surfactant concentration,

Ll=micellar solution with high surfactant concentration and continu-

ously connected to W phase. The dashed line and the curve between

the (W+L 1) and L1 regions compose the coexistence curve of the sys-

tem.

Other phases in this system are: H=hexagonal phase, L=lamellar

phase, S=solid surfactant, V1=normal "bicontinuous" cubic phase (from

Reference [29]). .............................. 33

1-4 Coexistence curve of the C8-lecithin-water system. The circles denote

experimental data, and the solid curve corresponds to a theoretical

prediction (from Reference [30]). ...................... 34

13



1-5 Schematic representation of the transition in the underlying structure

of aqueous C12E6 micellar solutions. The full concave-upward curve

in the T (temperature) versus X (surfactant concentration) phase di-

agram is the coexistence curve. The dashed curve in the one-phase

region is the crossover curve, representing the boundary between the

two regimes, dilute and entangled, possessing different underlying so-

lution structure. The structure of the C1 2E6 micellar solution can thus

be changed by varying temperature or surfactant concentration. ... 36

1-6 A comparison of the length scales associated with hydrophilic proteins

and cylindrical micelles. D is the diameter of a protein molecule, Wm =

2R is the thickness of a micelle (Ro is the cross-sectional radius of

the cylindrical micelles), L, is the length of an individual micelle of

aggregation number n, and ,m is the mesh size of the micellar net or

mesh ..................... ................ 45

2-1 Chemical formula and molecular structure of C8-lecithin (from Refer-

ence [49]) .................................. 54

2-2 Schematic description of the experimental apparatus used to mea-

sure the coexistence (cloud-point) curves of aqueous micellar solutions.

Note that there are four more holes on the top of the actual water cell

used in the experiments ...................... 58

2-3 Experimentally measured cloud-point (coexistence) curves of the CloE4

micellar system in pH 7 McIlvaine buffer without protein (0) and

with 0.25 g/L cytochrome c (A), 0.5 g/L ovalbumin (*), and 0.5 g/L

catalase (). The area above the data-point curve is the two-phase

region, in which the partitioning experiments were conducted .... 61

2-4 Experimentally measured cloud-point (coexistence) curve of the C8-

lecithin micellar system in pH 7 McIlvaine buffer without protein ().

The area beneath the data-point curve is the two-phase region, in which

the partitioning experiments were conducted ............. 62

14



2-5 Correlation plot of ovalbumin with 0 (0) and 4 wt% (A) Co1 E4 in

pH 7 McIlvaine buffer. .......................... 67

2-6 Experimentally measured partition coefficiecns, Kp, of cytechiome c (),

ovalbumin (), and catalase () in the temperature range of 18.8 -

21.2°C in the two-phase aqueous (7o F4 micellar system. Also shown

are the predicted partition coefficie sKp of cytochrome c (-.. ), oval-

bumin (--), and catalase (-) as a lnction of temperature ...... 70

2-7 Geometric models of the cylindrical mit:elles and the globular hydrophilic

protein molecules assumed in the exclud(ed-volume theoretical approach.

The cylindrical micelles are modeled as hard spherocylinders, with

hemispherical caps on both ends of he cylinders, and the protein

molecules are modeled as hard spheres .................. 73

2-8 Predicted protein partition coefficient, Kp, as a function of the ratio,

Rp/Ro, in the two-phase aqueous C1oE4 micellar system at Z1.C. Rp

is the protein hydrodynamic radius, Ro=21A is the cross-sectional ra-

dius of a CloE4 cylindrical micelle, and [- bY=10% at 21°C. The

various symbols correspond to the experimentally measured Kp values

of the following proteins: cytochrome c (A, Rp=19A), soybean trypsin

inhibitor (, R=22A), ovalbumin (O. Rp=29A), bovine serum albu-

min (, Rp=36A), and catalase (, R,=52A) .............. 80

2-9 Predicted protein partition coefficient, Kp, as a function of the ra-

tio, Rp/Ro, in the two-phase aqueous C8-lecithin micellar system at

10°C. Rp is the protein hydrodynamic radius, Ro=21A is the cross-

sectional radius of a C8-lecithin cylindrical micelle, and Ob - qb[=10%

corresponding to 100C. The various symbols correspond to the exper-

imentally measured Kp values of the following proteins: cytochrome c

(A, R=19A), ovalbumin (I, Rp=29A), and catalase (U, Rp=52A). 81

15



3-1 Structure of the bacteriophage T4 particle, based on an electron mi-

croscopy structural analysis with a resolution of 20 - 30A. Also shown

in the figure are the size of the capsid and the average size of the tail

sheath (from Reference [65]) ........................ 89

3-2 Experimentally measured coexistence (cloud-point) curves of the CloE4-

buffer micellar system without bacteriophage (0), with P22 at a con-

centration of 108 phage/mL (A), and with T4 at a concentration of

2 x 108 phage/mL (). ........................... 94

3-3 Experimentally measured partition coefficient, K, of the bacterio-

phage qX174 (A) as a function of temperature in the two-phase CloE 4-

buffer micellar system. The experimentally measured partition coeffi-

cient of the protein ovalbumin (0) is also shown for comparison pur-

poses. Also shown are the predicted partition coefficients based on

the assumption that CloE4 micelles are flexible, with a Kuhn length

of 100A (.-.) or 150A (- - -), and that the micelles are rigid (with

a Kuhn length I - oc) (- - -), see the discussion in Section 3.4.3.

The radius of a qX174 virus particle is 125A ................ 96

3-4 Experimentally measured partition coefficient, K, of the bacterio-

phage P22 () as a function of temperature in the two-phase CloE 4-

buffer micellar system. The notation is the same as that in Figure 3-3.

The radius of a P22 virus particle is 300A. ................ 97

3-5 Experimentally measured partition coefficient, K~, of the bacterio-

phage T4 (0) as a function of temperature in the two-phase CloE 4-

buffer micellar system. The dotted line is the predicted partition co-

efficient based on the assumption that the CloE4 micelles are flexible

and have a Kuhn length of 100, see the discussion in Section 3.4.3.

Note that T4 virus particles are rod-like, with an estimated equivalent

radius of about 700. . . . . . . . . . . . . . . . . ........ 98

16



3-6 Models of a spU:zical virus particle and a flexible micelle for deriving

the excluded volume, Un,,, between them.

(a) Ylustration f modeling a virus particle and a micelle in a realistic

way.

(b) Illustration of an alternative way of modeling the virus particle and

the micelle, which yields the same excluded volume, U,,, as in (a). . 103

3-; Experimentally measured partition coefficients, K, as a function of the

particle radius, Rp or R,,, in the two-phase CloE4-buffer micellar system

at 20°C. The various symbols represent proteins and bacteriophages:

(A) cytochrome c, Rp=19A, (0) ovalbumin, Rp=29A, () catalase,

R=52A, () X174, R,=125A, () P22, R,=300A, and () T4,

R,,=700A,. Also shown are the predicted partition coefficients based

on the assumption that the CloE4 micelles are flexible and have a

Kuhn length of 100A (...), 150A (- - -), or that the micelles are

rigid ( -+ oc) (- - -). The arrow indicates half of the average mesh

size, ,,m/=115A, as estimated from Eq. (3.21). ............ 110

3-8 Experimentally measured partition coefficient of the protein ovalbu-

min, K(Oval), as a function of partitioning time in the two-phase aque-

ous CloE4 micellar system at 20.0°C. The various symbols represent

three different experimental conditions: (1) partitioning for various

time periods, with the solutions prepared in the regular way, Kreguar

(0), (2) injection of the concentrated ovalbumin solution into the top

phase, Ktp (A), and (3) injection of the concentrated ovalbumin solu-

tion into the bottom phase, Kbot (). The dashed line with a K(Oval)

value of unity is shown for reference purposes. ............. . 118

3-9 Experimentally measured partition coefficient of the bacteriophage P22,

K(P22), as a function of partitioning time in the two-phase aqueous

CloE4 micellar system at 20.0°C. The notation is the same as that in

Figure 3-8. . . . . . . . . . . . . . . ..... ... . . . . . . . . . 119

17



4-1 Illustration of the various elements which need to be assigned to apply

the lever rule in the case of the C10E4-water binary micellar system. In

the temperature (T) versus CloE4 concentration (X) phase diagram,

the solid curve is the coexistence (cloud-point) curve separating the

one-phase and two-phase regions, and the dashed line is the tie line

at temperature T °. CB, Co, and CA are the CloE4 concentrations

corresponding to points B, 0, and A, respectively. ........... 133

4-2 Experimentally measured partition coefficients of the protein ovalbu-

min () and the bacteriophage P22 (A) as a function of the actual

final volume ratio, Vt/Vb (between 1 - 6), in the two-phase aqueous

CloE4 micellar system at 19.3°C. The lines, which connect the average

values of the partition coefficients of ovalbumin (.- ) and P22 (- - -)

corresponding to each Vt/Vb value, are drawn to guide the eye ..... 142

4-3 Yield in the top phase, Y(%), as a function of the actual final volume

ratio, Vt/Vb, in the two-phase aqueous CloE4 micellar system at 19.3°C.

The notation is the same as that in Figure 4-2 .............. 143

4-4 Concentration factor in the bottom phase, a, as a function of the actual

final volume ratio, Vt/Vb, in the two-phase aqueous CloE4 micellar

system at 19.3°C. The notation is the same as that in Figure 4-2. Note

that one circle (representing ovalbumin data) is actually the overlap of

three data points. . . . . . . . . . . . . . . . . . .......... 144

4-5 Schematic illustration of the unequal-volume partitioning experiment

conducted at 200C, in which the final volume ratio obtained was Vt/Vb 14.5.146

18



5-1 Illustration of the light scattered from a region in the sample in all

directions. The incident and transmitted light have the same wave

vector ki. Only the scattered light with the wave vector kf can be

detected by the detector. The scattering vector is defined as q = ki -

kf. The magnitude of q is obtained using geometry as q = 2ki sin ] =

4irr sn , where 6 is the scattering angle between the two wave vectors

k ad kf (from Reference [68]). ...................... 157

5-2 Log-log plot of the experimentally measured scaled diffusion coefficient,

D*, vrsus CloE4 concentration (in molar) at various temperatures:

7.7°C (0), 10.6°C (A), 13.40 C (), 16.30C (), and 18.1°C (). The

liLtes are the results of a linear regression on the data points of 7.7°C

(...), 10.60C (---), 13.4°C (- .. -), 16.30C (---), and 18.1°C (-),
respectively. The asterisk on each line denotes the minimum D* value

at that temperature, as calculated from the linear regression ...... 167

5-3 The location of the crossover concentration, X* (*), on the tempera-

ture versus concentration phase diagram of the CloE4 aqueous micellar

system. The solid curve is the coexistence (cloud-point) curve which

separates the phase diagram into the one-phase and two-phase regions,

and the black dot on the curve denotes the critical point. The dashed

and dc tted lines are theoretically predicted crossover concentrations at

Kuhn length of 100A (- - -) and 150A (...) respectively. The left-

hand side corresponds to the dilute regime, in whicil CloE4 micelles

are individually dispersed in the solution, while the right-hand side

corresponds to the semidilute (entangled) regime, in which a transient

micellar mesh or net forms. ....................... 170

19



C-1 Normalized P22 concentrations in various solution conditions as a func-

tion of testing time. The normalization is conducted with respect to

the initial P22 concentration in each of the solution conditions. The

symbols represent various solution conditions: (0) dilution fluid, ()

dilution fluid with 2nM EDTA, (A) pH 7 McIlvaine buffer, (o) 10%

CloE4 in pH 7 McLIvaine buffer, and () pH 7 McIlvaine buffer with

2mM Mg+2 . The dashed horizontal line at a normalized concentration

of unity is shown for reference purposes. ................. 204

C-2 Normalized T4 concentrations in various solution conditions as a func-

tion of testing time. The notation is the same as that in Figure C-1. . 207

C-3 Normalized X174 concentrations in various solution conditions as a

function of testing time. The symbols represent different solution con-

ditions: (0) pH 7 McIlvaine buffer without CoE 4 , () 1% CoE 4

in McIlvaine buffer, (A) 4% CloE4 in McIlvane buffer, and (o) 10%

CloE4 in McIlvaine buffer. The dashed horizontal line at a normalized

concentration of unity is for reference purposes. ............ 208

20



List of Table; 

1.1 Concentrations of amphiphiles required to bind to proteins, as com-

pared to their CMC's. ill the concentrations are in mM. DOC- is

the short form for deoxycholate. All the CMC values correspond to an

ionic strength of 0.1, except that of Triton X-100, which corresponds

to pure water (from Reference [44]) .................... 41

2.1 The five hydrophilic proteins used in this study and some of their

characteristic properties. . . . . . . . . . . . . . . . . ...... 55

3.1 Estimated micellar mesh size, m, in the concentrated phase of the

two-phase aqueous CO1 E4 micellar system. .............. 114

4.1 Summary of the experimental results of the unequal-volume partition-

ing of ovalbumin and P22 in the two-phase aqueous CloE4 micellar

system conducted at 20.0'C ....................... 145

4.2 Comparison of various separation methodologies. . . . . . . . .... 149

5.1 Water viscosity at various temperatures examined in the light scatter-

ing measurements. The viscosity values were calculated by interpolat-

ing the water viscosity versus temperature data given in Reference [81]

to the actual sample temperature (see the second column) ...... 165

21



Chapter 1

Introduction

1.1 General Considerations

The utilization of two-phase aqueous micellar systems for the separation and purifi-

cation of biological molecules, particularly proteins, was first considered by Bordier

[1] and has received considerable attention ever since [2, 3, 4, 5, 6, 7, 8, 9]. Most

of these studies, however, focused on the extraction of hydrophobic materials. The

investigation presented in this thesis is different from the above mentioned studies

in that it focuses on (1) the partitioning of hydrophilic biological molecules in two-

phase aqueous micellar systems, (2) the development of a theoretical framework to

rationalize the observed partitioning behavior, and (3) the implementation of two-

phase aqueous micellar systems as a methodology for separation or concentration of

hydrophilic biological molecules.

The basic concept behind the utilization of two-phase aqueous micellar systems

to partition biological molecules is based on recent advances in the following three

seemingly unrelated areas:

1. Partitioning of biomolecules in two-phase aqueous polymer systems.

2. Structural characteristics and phase separation behavior of aqueous micellar

solutions.

3. Interactions between hydrophilic proteins and surfactants.
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A literature review of these three areas is jiesented in the next section.

1.2 Literature Review

1.2.1 Partitioning of Biomolecules in Two-Phase Aqueous

Polymer SY stems

Two-phase aqueous polymler systems were first identified by Albertsson in 1955 [10]

as novel extractant systens for bioseparations. Since then, these systems have been

developed extensively for separation and extraction of biological materials [11, 12].

These two-phase systems -an be generated by mixing two species, at least one of which

is a polymer, in water under appropriate solution conditions. The two species can

be either (1) two polymers, which can be neutral or charged (a polyelectrolyte), such

as poly(ethylene oxide) (PEO) and dextran, or () one polymer and a low-molecular

weight component, such as the PEO-potassium phosphate two-phase system [13].

Systems of type (1) have been studied more extensively, with phase separation result-

ing from the unfavorable interaction (energy) arising when segments of one polymer

contact segments of te other polymer. The solvent (water) molecules also contribute

to the phase separation phenomenon by exhibiting the difference and incompatibility

in the regions of structure(. water surrounding the two polymer species, reflecting the

difference in the hydration characteristics of each polymer species in aqueous solutions

[14]. Typically, the two polymer species are distributed unevenly between the two

coexisting phases, with one phase rich in one of the polymers and the other phase rich

in the other polymer. An example of the phase compositions in a two-phase aqueous

PEO-dextran system is shown in Figure 1-1. Besides the intrinsic incompatibility

of the polymers, other factors, such as salt type and concentration and solution pH,

can be tuned to manipulate the phase separation behavior. Although, in principle,

temperature constitutes a tuning factor as well, its effect on the nature of the two

phases is typically small. As a result, the compositions of the two coexisting phases

are usually adjusted by changing the overall polymer composition rather than by
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Figure 1-1: Phase diagram and phase compositions of the poly(ethylene oxide) (PEO)-
dextran two-phase aqueous system with Dex48-PEO 6000 at 200C. Dex48 denotes
dextran having an intrinsic viscosity of 48 mL/g and a weight-average molecular
weight of 460,000 dalton, and PEO 6000 denotes PEO having a number-average
molecular weight in the range of 6,000 - 7,500 dalton (from Reference [13]).
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Total system Bottom phase Top phase

Sys- Dextran PEO HO Dextran PEO HO Dextran PEO HO
tern % lw % W/W % w/w % w/w %w/w %W/W % W/W % W/W % /w

A 4.40 3.65 91.95 6.10 2.98 90.92 2.63 4.43 92.94
B 5.00 3.50 91.50 7.34 2.55 90.11 1.80 4.91 93.29
C 5.20 3.80 91.00 9.46 1.85 88.69 1.05 5.70 93.25
D 6.20 4.40 89.40 13.25 1.07 85.68 0.30 7.17 92.53
E 7.00 5.00 88.00 15.89 0.68 83.43 0.14 8.29 91.57
F 8.40 5.80 85.80 19.08 0.52 80.40 0.06 9.93 90.01
G 9.80 7.00 83.20 22.77 0.24 76.99 0.05 12.03 87.92



adjusting emperature.

The phase separation behavior of solutions containing two incompatible polymers

can be s:zcessfully described using the statistical-mechanical treatment of Flory and

Huggins [15]. This involves obtaining an expression for the solution Gibbs fre energy

of mixing, AG,, which is the free-energy change associated with the form.v ria of a

polymer solution from the constituent pure components. The chemical po~eunial of

each of the three species (two polymers and the solvent), pi, can then be cailIlated

from AGm using the conventional methods of thermodynamics. By applyiltg the

criteria of phase equilibrium [16], one can compute the resulting coexistence (biiodal)

curve as well as the critical properties of the system.

From a practical viewpoint, the time required to form the two coexisting phases

is an important consideration. In this respect, the rate of phase separation depends

strongly on the overall polymer composition in the system as well as on the polymer

composition in each phase [17]. In addition, the rate of phase separation can be

evaluated qualitatively from knowledge of the polymer compositions on the phase

diagram. In general, the rate of phase separation increases with increasing tie-line

length, which reflects the difference in the compositions of the two coexisting phases.

The partitioning behavior of biological solutes in two-phase aqueous polymer sys-

tems has been studied extensively from both the experimental and theoretical view-

points [13, 17, 18, 19, 20, 21, 22, 23]. The experimental work was performed primnarily

at low solute concentrations in order to minimize the effect of solute-solute interac-

tions on the phase separation equilibrium of the aqueous polymer systems, as well as

to isolate and study the effect of solute-polymer interactions. Under suc'i conditions,

the observed partitioning behavior should only reflect the difference in the interactions

between the solute and the phase-forming polymers in the two coexisting phases. It

is customary to quantify the partitioning behavior of the solute by introducing the

partition coefficient, K, defined as

K=Ct (1.1)
¢b
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where Ct and Cb are the solute concentrations in the top and bottom phases respec-

tively. Equation (1.1) indicates that the magnitude of K reflects the distribution of

the solute in the two-phase system. By taking proteins as an example, the experi-

mental studies revealed that the protein partition coefficient. Kp, is affected by the

following factors [18]:

1. Protein size - The larger the protein molecule, the more unevenly it is dis-

tributed between the two coexisting phases.

2. Protein surface properties - Generally, proteins associated with membrane

functions in cells tend to be hydrophobic in their surface properties. As a

result, their interactions with polymers are usually different from those between

polymers and proteins which are not associated with membranes. In addition,

the protein surface charge, which depends strongly on the solution pH, also

plays an important role, and consequently the partitioning behavior of proteins

can be manipulated by varying the solution pH.

3. Polymer molecular weight - It is found that an increase in the molecular weight

of one of the phase-forming polymers decreases the tendency of the proteins to

partition into the phase which is rich in that polymer. However, an indirect

aspect associated with changing the polymer molecular weight is that it may

also alter the compositions of the two coexisting phases.

4. Compositions of the two coexisting phases - As the difference in the phase

compositions increases, that is, when there is an increase in the the length of

the corresponding tie line, the protein partitioning becomes more uneven. In

addition to using polymers with different molecular weights, as mentioned in 3

above, the compositions of the two coexisting phases can also be changed by

adding salts or by increasing the overall polymer concentration.

5. Salt effects - Different salt types and concentrations have different effects on

the two-phase aqueous polymer systems. In general, at low salt concentrations,

the salt primarily establishes a bulk-electrical potential difference between the
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two coexisting phases. At high salt concentrations (gene:..ly higher than 1 M),

the effect of salts is attributed primarily to their influence on the structure of

water and on the polymer compositions of tne two coexisting phases [17]. This

influence at high salt concentratiors may, in turn, affect the distribution of

proteins in the system.

6. Affinity partitioning - By covalently at;taching ligands, which have high affinity

to specific sites on certain proteins, on one of the phase-forming polymers, the

phase rich in that polymer will posses, high selectivity with respect to those

targeted proteins, and, accordingly, the ,pecificity towards a desired protein can

be significantly enhanced.

7. Charged polymers - These polymers interact with proteins through electro-

static interactions, and the strength of these interactions can be manipulated

by changing the solution pH and ionic strength. The partitioning behavior of

proteins can thus be varied accordingly.

There are several types of theoretical approaches which were developed to ratio-

nalize the partitioning behavior of biological molecules in two-phase aqueous poly-

mer systems [18]. Among these, the most relevant to this thesis is the "scaling-

thermodynamic" approach [19], which explicitly accounts for the underlying structure

of the polymer solution. Specifically, in the P3O-dextran two-phase aqueous system,

one can identify a "crossover concentration," C*, for PEO molecules with a molecular

weight M, given by [19]
3M

C*= R3 (1.2)
47rR.3

where Rg is the radius of gyration of the PEO molecules. The crossover concentration,

C*, signals a transition in the structure of the polymer solution from the "dilute" to

the "entangled" regimes. Such a transition in the polymer solution structure can oc-

cur by (1) increasing polymer concentration at a fixed polymer molecular weight, or

(2) increasing polymer molecular weight at a fixed polymer concentration. For PEO

concentrations C << C*, the solution is in the "dilute" regime, and the polymer
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molecules are dispersed as individual coils in the solvent, with the identity of each

individual polymer molecule being preserved. Accordingly, in this regime, protein

molecules interact with individual polymer coils, each characterized by its radius of

gyration, Rg (=Dp/2), as shown in Figure 1-2. On the other hand, for PEO con-

centrations C( >> C*, the polymer coils extend and entangle to form a continuous

polymer net or mesh. The polymer molecules thus lose their individual identities, and

consequently, the polymer molecular weight ceases to be important in this "entan-

gled" regime. In this regime, protein molecules interact with the polymer net or mesh,

characterized by the mesh size, p (see Figure 1-2). This scaling-thermodynamic the-

oretical approach was found to agree reasonably well with the available experimental

observations in the entangled polymer systems [21, 22].

In most of the theoretical approaches developed so far to model the partitioning

behavior in two-phase aqueous polymer systems, only non-specific solute (protein)-

polymer interactions, for example, those of the steric excluded-volume type, are con-

sidered. As a result, these approaches are not expected to be accurate in cases where

specific solute-polymer interactions are known to play an important role, such as

in the case of hydrophobic interactions. Nevertheless, these theoretical approaches

provide a starting point for developing a better understanding of the interactions

between biomolecules and polymers in two-phase aqueous polymer systems, and, as

such, they also help to shed light on the partitioning behavior of biological molecules

in two-phase aqueous micellar systems.

1.2.2 Structural Characteristics and Phase Separation

Behavior of Aqueous Micellar Solutions

Micelles are aggregates of surfactant molecules that form in aqueous environments.

A surfactant molecule consists of two distinct chemical moieties [24]: the hydrophilic

(water-loving) moiety, which is referred to as the "head," and the hydrophobic (water-

fearing) moiety, which is referred to as the "tail." This duality in a given molecule

causes surfactants to display a unique behavior in solutions, particularly of the aque-
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Figure 1-2: Comparison of the length scales (sizes) associated with proteins and
polymers, either as individual coils or as a net (mesh). D is the diameter of a protein
molecule, Dp is the diameter of a polymer coil, and ~p is the mesh size of the polymer
net.
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ous type. For example, when dissolved in water at low concentrations, surfactant

molecules tend to accumulate at the air-water interface, with their hydrophilic heads

immersed in water and their hydrophobic tails protruding into air to avoid the unfa-

vorable contact with the water molecules. As the surfactant concentration increa es,

a threshold concentration - the "critical micelle concentration" (CMC) - is reached,

at which surfactant molecules begin to form aggregates (micelles) spontaneously in

the bulk solution. Micelles form in such a way that the hydrophobic tails all flock

inside to avoid contact with water, while the hydrophilic heads remain outside in

favorable contact with water. The onset of micellization at the CMC manifests itself

in dramatic changes in many of the physico-chemical properties of the solutions, in-

cluding the solution surface tension. The CMC usually ranges from 10-6 to 10- 2 M,

depending on the molecular structure of the surfactant molecules, such as the type

and length of the hydrophobic tail, and the nature of the hydrophilic head (nonionic,

ionic, or zwitterionic). The CMC also varies in response to changes in solution con-

ditions, including temperature and the presence of other components, such as salts,

in the solution.

Micellization, that is, formation of micelles, actually reflects a delicate balance of

intermolecular forces, including van der Waals, steric, electrostatic, and hydropho-

bic, between surfactant molecules within a self-assembling micellar aggregate [25, 26].

Tanford [25] has given a simple description of micellization by introducing the princi-

ple of opposing forces. The forces involved are: (1) the attractive force, arising from

the hydrophobic effect acting on the surfactant tails, which favors the aggregation of

surfactant molecules, and (2) the repulsive force, arising from the interactions between

the surfactant heads, which tends to resist the formation and growth of micelles. For

ionic surfactants, the electrostatic repulsion between like charges on the heads con-

stitutes the major repulsive force; for nonionic surfactants, the steric hindrance due

to the physical size of the hydrated heads represents the main source of repulsion.

A balance between these two opposing forces is necessary for the stabilization of mi-

celles. If the repulsive force dominates, then the surfactant molecules will prefer to be

dissolved in water as monomers instead of forming aggregates. On the other hand, if
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the attractive force dominates, then the surfactant molecules will prefer to aggregate

and form large micelles, or even separate from water and form a new (micelle) phase.

Therefore, the stable existence of micelles in an aqueous medium reflects a delicate

balance between these two opposing forces.

Micelles can grow one-dimensionally (into cylindrical structures) or two-dimensionally

(into disc-like or bilayer structures) with increasing surfactant (:oncentration and vari-

ation of solution conditions such as temperature. The micella' size in aqueous solu-

tions depends on the surfactant type and concentration, as well as on solution con-

ditions such as temperature, ionic strength, and pH, and it is found to be primarily

controlled by the interactions between the heads, since surfactants possessing smaller

heads (for example, those resulting from the dehydration of the poly(ethylene) heads

of CiEj nonionic surfactants), or s'rfactants which do not exhibit strong, long-ranged

repulsive (electrostatic) interactions between the heads, typically display significant

nicellar growth. Furthermore, it is often found that micelles do not possess a uniform

size but, instead, exhibit a distribution of sizes. In particular, the polydisper!7ity in

micellar size depends on the surfactant type and concentration, as well as on the

solution conditions. Typically, micelles which can grow significantly exhibit a much

higher polydispersity in their size distribution as compared to those which do not

grow (and form spherical micelles).

At certain temperatures and surfactant concentrations, an isotropic micellar solu-

tion can macroscopically phase separate into two coexisting micellar solution phases,

one with a higher and thle other with a lower surfactant concentration. The sur-

factant concentration in each of the two coexisting phase s exceeds the CMC, and,

hence, both phases contain micelles. It is also noteworthy that the average micellar

sizes and the micellar size distributions in the two coexisting phases are different,

since these micellar characteristics depend on the overall surfactant concentration

which is different in each phase [27]. This phase-separation phenomenon of micellar

solutions can be represented by a bell-shaped curve, called the binodal or coexis-

tence curve, on a temperature versus surfactant concentration phase diagram [28].

The maximum or minimum of the coexistence curve is called the critical (or conso-
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lute) point, and the temperature and surfactant concentration corresponding to this

point are referred to as the critical temperature, T,, and the critical concentration,

X,, respectively. Some surfactant solutions, for example, aqueous solutions of the

nonionic surfactant dodecyl hexa(ethylene oxide), C12E6, display a concave-upward

coexistence curve which exhibits a lower con;olute (critical) point (see Figure 1-3)

[29]. Other surfactant solutions, for example, aqueous solutions of the zwitterionic

surfactant dioctanoyl phosphatidylcholine (C8-lecithin), display a concave-downward

coexistence curve having an upper consolute (critical) point (see Figure 1-4) [30].

The phase separation behavior results from the competition between the internal-

energy effects, which favor separation of micelles from the solvent, and entropic effects,

which favor miscibility of micelles in the solvent [24]. The appearance of either a lower

or an upper consolute (critical) point results from the difference in the dependence of

the internal-energy change, associated with the mixing process and thus related to the

type of interactions between solute and solvent molecules, on temperature [28]. For

example, for surfactants belonging to the alkyl poly(ethylene oxide), CiEj, type, the

solubility of micelles in water can be rationalized in terms of hydration of the surfac-

tant head groups, that is, formation of hydrogen bonds between the surfactant heads

and water molecules. However, since dehydration of the heads occurs as the surfac-

tant solution is heated up, it follows that this internal-energy effect can eventually

overcome the entropic effect which favors miscibility, thus leading to phase separation

as temperature is increased [24]. Since, in this case, the phase separation behavior is

more pronounced as temperature increases, the resulting coexistence curve possesses

a concave-upward shape with a lower consolute (critical) point in the temperature

versus surfactant concentration phase diagram (see Figure 1-3) [29].

As shown in Figures 1-3 and 1-4, the two branches of the coexistence curve are

stretched in the temperature versus surfactant concentration phase diagram in an

asymmetric pattern. Specifically, the branch on the lower-concentration side is very

steep while that on the higher-concentration side exhibits a milder slope. In addition,

the location of the critical point on the phase diagram can be shifted by adding

solution modifiers, such as salts or urea [31]. This feature provides a convenient way
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Figure 1-3: Phase diagram of the C12E6-water system. The letters denote various solu-
tion structures at different temperatures and surfactant concentrations. W=micellar
solution with low surfactant concentration, L1=micellar solution with high surfactant
concentration and continuously connected to W phase. The dashed line and the curve
between the (W+L 1) and L1 regions compose the coexistence curve of the system.
Other phases in this system are: H1=hexagonal phase, L,=lamellar phase, S=solid
surfactant, V1=normal "bicontinuous" cubic phase (from Reference [29]).
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Figure 1-4: Coexistence curve of the C8 -lecithin-water system. The circles denote
experimental data, and the solid curve corresponds to a theoretical prediction (from
Reference [30]).
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to manipulate lie phase-separation behavior of aqueous micellar solutions.

Micelles which exhibit one-dimensional growth are usually of cylindrical shape.

As the size of these cylindrical micelles exceeds a threshold length scale, known as

the persistence length [32], the micelles acquire flexibility and thus resemble po',y-

mer molecules in solutions. Moreover, when the surfactant concentration reach, 

certain tnreshold value, known as the "crossover surfactant concentration," X*, the

micelles begin to entangle with each other and form a net or mesh of overlappiL,:

micelles, similar to the transition which occurs in aqueous polymer solutions at tht!

crossover concentration, C* (see Figure 1-2) [33]. In the case of micellar solutions,

such a transition can be induced by (1) increasing surfactant concentration at a ixed

temperature, or (2) varying temperature at a fixed surfactant concentration For e-

ample, in the CiEj micellar solutions, such a transition can be induced by increasing

temperature at a fixed surfactant concentration [34, 351. It was also found [34] that in

the C12E6-water system, in which the micelles are of cylindrical shape, the crossover

surfactant oncentration, X*, versus temperature curve intersects the coexistence

curve in the vicinity of the lower consolute (critical) point, thus bisecting the phase

diagram into the "dilute" regime (where micelles are identifiable, single entities) and

the "entangled" regime (where micelles overlap and form a net or mesh), as shown in

Figure 1-5. In this respect, it is interesting to note that, in the C12E6-water system,

the underlying solution structure of the two coexisting micellar phases is different,

with the micelle-poor phase containing identifiable micelles and the micelle-rich phase

containing an entangled micellar mesh. This observation appears to be generally valid

for those CiEj-water systems which exhibit significant micellar growth.

A number of theories have been developed to describe and predict the behavior

of aqueous surfactant solutions [24, 25, 27, 36]. These predictions include (1) the

CMC, (2) the micellar shape, size, and size distribution, (3) the coexistence curve,

including the critical concentration, and (4) thermodynamic properties such as the

solution osmotic pressure and compressibility.

The fundamental theory of micellization requires that, at thermodynamic equi-

librium, the chemical potential of a surfactant molecule in an aggregate (micelle)
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Figure 1-5: Schematic representation of the transition in the underlying structure of
aqueous C12E6 micellar solutions. The full concave-upward curve in the T (temper-
ature) versus X (surfactant concentration) phase diagram is the coexistence curve.
The dashed curve in the one-phase region is the crossover curve, representing the
boundary between the two regimes, dilute and entangled, possessing different under-
lying solution structure. The structure of the C12E6 micellar solution can thus be
changed by varying temperature or surfactant concentration.
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of aggregation number n, p,/n, should be equal to the chemical Io;ential of a free

surfactant monomer, p1, for all n's. That is,

n 1 -(1.3)

In dilute solutions, the chemical potentials, tn ,.ad pl, can be written as [25]

,n =An + kB.C'lnXn (1.4)

and pi = + kBl'lnX1 (1.5)

where kB is the Boltzmann constant, T is the ab.solute temperature, po and MO are

the standard-state chemical potentials of n-mers and monomers respectively, and Xn

and X1 are the mole fractions (more strictly, the activities) of n-mers and monomers

respectively. Using Eqs. (1.4) and (1.5) in Eq. (1.3) yields the following expression

for the distribution of micellar sizes, {Xn}:

-(p - nl)] (1.6)X = (X1)n exp [ 7n ] (1.6)

At the CMC, X.n X1 - CMC, and the following approximate expression for the

critical micelle concentration can be obtained:

CMC exp [-( u/ n
1i-h] (1.7)

Blankschtein et al. [27] developed a theory which provides analytical represen-

tations of the equilibrium thermodynamic properties of surfactant-water solutions

that exhibit phase separation and critical phenomena. In this theory, the Gibbs free

energy, G, of a solution containing N, surfactant molecules, forming a micellar size

distribution, {Nn} (where N, is the number of micelles of aggregation number n),

and N, water molecules in thermodynamic equilibrium at temperature T and pres-

sure P is modeled as the sum of three distinct contributions: Gf, G, and Gint. The

free energy of formation, Gf, summarizes the physico-chemical factors responsible for
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the formation of micelles, the free energy of mixing, Gm, models the entropic effects

associated with mixing the micellar aggregates, surfactant monomers, and the solvent

(water) molecules, and the free energy of interaction, Gi,t, estimates the interactions

between the micellar aggregates using a mean-field type approximation. With Gf,

Gm, and Gi,t expressed in terms of N,, N,, T, and other parameters (such as po

and p4), and G = Gf + Gm + Gint, the chemical potentials of water and each n-

mer can be obtained by differentiation of G, that is, p, = (G/Nw){NNn},T,p and

un = (G/lNn)Nw,{Nn,},T,P respectively. The osmotic pressure, which is defined as

0

i11 =Aw (1.8)
Qw

can thus be calculated, where Qw is the effective volume of a water molecule. The

osmotic compressibility, (II/OX)1P, and other thermodynamic properties of the

micellar solution, can thus be derived from the expression cf II. The predictions of this

theory were found to agree well with many of the experimental observations [27, 30].

Accordingly, this theory will be utilized in this thesis to describe the thermodynamic

behavior of the aqueous micellar systems used in the partitioning experiments.

1.2.3 Interactions Between Hydrophilic Proteins and

Surfactants

The term, hydrophilic proteins, will refer hereafter to those proteins which are water-

soluble and are not directly related to membrane functions. Usually, surfactants,

particularly those of the anionic type, are considered as "denaturing agents" of hy-

drophilic proteins, since they are able to induce unfolding of native protein structure

as well as to trigger loss of enzymatic functions [37]. This denaturing effect of sur-

factants, however, has found its use in biochemistry. For example, sodium dodecyl

sulfate (SDS), an anionic surfactant, is used in polyacrylamide gel electrophoresls

(PAGE) to determine protein molecular weights. Accordingly, understanding the

interactions between hydrophilic proteins and surfactants is a topic of considerable

interest in biochemistry.
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Research on the interactions btween surfactants and proteins is primarily carried

out thr(ugh studies of surfactant binding to protein molecules. Both the binding

pattern and the structure of the isultlng protein-surfactant complexes have been

studied. The binding of ionic surfactants, particularly that of sodium dodecyl sulfate

(SDS), has retcived considerable attention. The ability of SDS to unfold the pro-

tein structure va. found to be induced by the cooperative binding of SDS molecules

onto the protein molecules, and the binding is primarily hydrophobic in nature [37].

Reynolds and ra..lford [38] found that a variety of proteins bind identical amounts

of SDS on a gram,'gram basis at equilibrium SDS monomer concentrations exceeding

0.5 mM, lower than the CMC of SDS, which is about 1.3 mM. The authors accord-

ingly concluded [3] that only the monomeric form, rather than the micellar form, of

SDS binds to proteins. These authors also investigated the structure of the resulting

protein-SDS complexes [39]. They found that the complexes had a rod-like structure,

and that the proteins in the complexes, although denatured, were not in a random-

coil state, with some of their s condary structure still preserved. The authors also

provided a theoretical basis for using SDS gel electrophoresis in protein molecular

weight determination [39]. Since (1) the high level of SDS binding to proteins and

the constant binding ratio assure a constant charge per unit mass of the protein-

SDS complexes, ald (2) the hydrodynamic properties of protein-SDS complexes are

a unique function of the polypeptide chain length, it follows that the mobility of

protein-SDS complexes in the electrophoretic gel is proportional to the polypeptide

chain length, or, equivalently, to the protein molecular weight.

Some proteins, however, are found to have specific binding sites for amphiphilic

molecules. For example, some studies [40, 41] revealed that a native bovine serum al-

bumin (BSA) molecule possesses five high-affinity binding sites, which are visualized

as hydrophobic patches on the surface of the protein, for organic anionic and neutral

amphiphilic molecules. This is in accordance with the major physio'ogical function of

this protein, which is to transport fatty acid anions in the circulatory system. How-

ever, as the concentration of the ionic surfactant increases, another type of binding

- the cooperative binding of surfactant molecules to proteins, causing denaturation
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of protein molecules - still takes place.

Similar research on protein-surfactant interactions has also been conducted for

cationic surfactants. Nozaki et al. [42] studied the binding of a cationic surfactant,

tetradecyl trimethylammonium chloride (C14NMe+ C1-), to various proteins. This

cationic surfactant was found to behave qualitatively like SDS, showing the coop-

erative binding mode accompanied by denaturation of protein molecules, but at a

monomer concentration which is ten-fold higher than that required in the SDS case.

In addition, this cooperative binding was found to occur at surfactant concentrations

very close to the CMC, and consequently saturation of protein molecules with the

cationic surfactant cannot be achieved due to the onset of micelle formation. These

authors suggested that the difference in the binding of cationic surfactants to proteins,

as compared to that of anionic surfactants, is generic, and that this may limit the

potential of replacing SDS by cationic surfactants in biochemical applications such as

PAGE.

A few binding studies involving nonionic or "mild" surfactants were also con-

ducted. Helenius and Simons [43] studied the binding of Triton X-100 (a nonionic

surfactant) and deoxycholate (DOC-, a bile salt, considered as a "mild" anionic sur-

factant) on certain hydrophilic and lipophilic proteins. These two surfactants are

usually used for extracting membrane components in biochemistry and are supposed

to be '"mild" towards biomaterials. In addition, they are generally used at concentra-

tions exceeding their CMC's. These authors found that very little or no Triton X-100

or DOC- bound to hydrophilic proteins. Makino et al. [44] conducted similar studies

on the proteins BSA and ovalbumin and obtained similar results. Accordingly, these

authors proposed that these observed phenomena are due to the low CMC's of Triton

X-100 or DOC- (see Table 1.1).

However, there is also some evidence [45] suggesting that the "mild" surfac-

tant, Triton X-100, may actually induce conformational changes of protein molecules.

Whether these changes in protein conformations induced by a "mild" surfactant are

restricted only to certain proteins is still unknown.

From the observations summarized above, one can conclude that the denaturation
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Table 1.1: Concentrations of amphiphiles required to bind to proteins, as compared
to their CMC's. All the concentrations are in mM. DOC- is the short fcrm for
deoxvcholate. All .he CMC values correspond to an ionic strength of 0.1, except that
of Triton X-100, .'which corresponds to pure water (from Reference [44]).

50% Saturation ot
affinity binding sites
of native BSA

Critical concentration
for major cooperative
binding

CMC

C12 SO- Na+

(SDS)

1 x 10-3

0.3

1.3

C8SO Na+

1.5 x 10- 3

5

100

of proteins by surfactants is essentially caused by the cooperative binding of ionic

surfactants to protein molecules. The so-called "mild" surfactants are mainly those

of the nonionic type. It is thus concluded [46] that the charged heads and flexible

nonpolar tails constitue required features of denaturing surfactants. This recognition

served as the basis for selecting non-charged (nonionic) surfactants to generate the

two-phase aqueous surfactant systems utilized in the studies reported in this thesis.

1.3 Motivation

When compared to the two-phase aqueous polymer systems described in Section 1.2.1,

which have been studied extensively and implemented for the separation and extrac-

tion of biomaterials, two-phase aqueous micellar systems share many similarities with,

but also offer certain advantages over, their polymer counterpart. A detailed com-

parison between these two-phase aqueous systems is presented below:

1. Only a binary surfactant-water system is needed to generate the two-phase

aqueous micellar system. This is chemically simpler than in the two-phase

aqueous polymer systems, which typically require at least three components

polymer 1-polymer 2-water or polymer-salt-water - in order to generate the

two-phase systems.
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DOC-

1.5 x 10-2

(Not
observed)

3

TX-100

5 x 10-2

(Not
observed)

0.3
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2. The aqueous surfactant solutions can phase separate at low overall surfactant

concentrations, typically 1-2 wt%. When compared with aqueous polymer sys-

tems, in which phase separation occurs at polymer concentrations of about

10 wt%, the surfactant systems provide a potentially economical advantage. In

addition, surfactants can generally be easily and uniformly dissolved in water,

while, in the polymer case, sometimes it is found that phase separation of the

polymer systems does not occur as expected due to improper dissolution of the

polymers [47]. This easily-dissolved feature of surfactants certainly provides

convenience in preparing the two-phase systems.

3. The difference in the association forces - physical forces, such as hydrophobic

interactions [25], for micelles, versus chemical bonding for polymers - im-

plies that the two microstructures should display different characters. Indeed,

micelles display a self-assembling, labile nature which offers many additional

degrees of freedom for manipulating the aqueous surfactant system, while this

feature is absent in the polymer case. For example, the micellar size, which

is analogous to the polymer molecular weight, can be tuned in situ by varying

the overall surfactant concentration, temperature, or the salt type and con-

centration. This unique feature is not available in the polymer case because

the polymer molecular weight is fixed upon synthesis. Accordingly, if polymers

with different molecular weights are needed, each polymer has to be synthesized

separately, which is time-consuming and expensive. Furthermore, by diluting

the micellar system with water, the micelles will decrease in size or may even

be "broken apart" and dissociate into free surfactant monomers. This feature,

which is absent in the polymer case, suggests an interesting and potentially

useful method to remove surfactants from biomaterials by filtering the resulting

mixture of surfactant monomers and biomaterial after separation or extraction

of a desired biomaterial using two-phase aqueous micellar systems.

4. Because a micelle possesses both a hydrophobic interior and a hydrophilic ex-

terior, this microstructure can offer a dual environment to biomaterials, one
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possessing a hydrophobic character and the other possessing a hydrophilic char-

acter. In contrast, the properties of (homo)polymers considered here depend on

the nature of the constituent monomers and cal therefore nAy offer a single en-

vironment to biomaterials. In view of this, proteins which are predominantly hy-

drophilic or hydrophobic are expected t exhibit different partitioning behavior

in the two-phase aqueous micellar systLr-;. Specifically, hydrophilic (hydropho-

bic) proteins are expected to partition more extremely into the micelle-poor

(micelle-rich) phase of the two-phase aqleous micellar systems [1, 2, 3, 4, 9].

Clearly, such a differentiation in the partitioning behavior of hydrophilic and

hydrophobic proteins will not occur tc the same extent in the two-phase aqueous

polymer systems.

5. The length scales associated with micelles and polymers are very different when

"viewed" by a typical protein molecule. For example, the diameter of a typical

globular protein molecule ranges from 40A to 120A. The persistence length,

which is a measure of flexibility [32], of micelles is about 50 - 100oo [34], while

the persistence length of polymers, which is comparable to the length of a

polymer segment, is only about 3 - 4A. In the case of protein partitioning, a

protein molecule can thus "feel" simultaneously many segments belonging to

one polymer molecule, so that polyrers appear highly flexible and diffuse to

protein molecules. In contrast, on the length scale of a protein molecule, micelles

appear rigid and compact due to their relatively large persistence lengths.

6. Aqueous solutions of polymers (such as PEO) and micelles (for example, com-

posed of CiEj nonionic surfactants) can exhibit a transition in the underlying

solution structure from the dilute to the entangled regimes [19, 22, 34]. In the

dilute regime, the solution contains individually dispersed phase-forming en-

tities (polymer coils or micelles), while in the entangled regime, the solution

contains an overlapping net or mesh of polymers or micelles. In spite of these

qualitative structural similarities, the length scales associated with each solu-

tion regime, as "viewed" by a biological molecule, can be very different in the
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polymer and micellar cases, as mentioned in 5 above. As an illustration, for a

typical hydrophilic protein molecule with a radius of 20 - 60A, the characteristic

sizes of the protein, the polymer coil, and the mesh size are all comparable [19],

as shown in Figure 1-2. As a result, the hydrophilic protein can "sense" thbt

change in the underlying structure of the polymer solution "evolving" from the

dilute to the entangled regimes, and this can manifest itself at the macroscopic

level in the observed partitioning behavior of hydrophilic proteins [19].

In contrast, in the micellar case, the typical micellar size in the dilute regime is in

the range of 1000's of A, and the mesh size in the entangled regime is about 200 -

300A, as estimated from simple geometric considerations (see Section 3.5.1) [7].

Hence, both of these length scales are much larger than that of a typical protein

(see Figure 1-6). This suggests that the dilute-to-entangled structural transition

taking place in the micellar solution can only be "sensed" by particles whose

sizes are much larger than that of typical hydrophilic proteins. Accordingly, the

partitioning behavior of hydrophilic proteins is expected to be different in two-

phase aqueous micellar systems as compared to that observed in the polymer

case.

7. By mixing different surfactant species, for example, nonionic and ionic, it should

be possible to generate in situ a mixed-micellar system in which the mixed

micelles resemble polyelectrolyte molecules containing both charged and non-

charged units. Moreover, by mixing a surfactant-type ligand with a surfactant,

one can generate in situ a mixed-micellar system whose selectivity and specificity

of extraction will be greatly enhanced.

In view of the discussion presented above, two-phase aqueous micellar systems not

only have the potential of being utilized to partition biological molecules, similar to

their polymer counterpart, but also exhibit certain advantages and convenient features

which are not available in two-phase aqueous polymer systems. In addition, given the

mild interactions between non-charged surfactants and biological molecules, as well

as the low interfacial tension between the two coexisting micellar phases [48], two-
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Dilute Micellar Regime

Ln

Entangled Micellar Regime

D

Figure 1-6: A comparison of the length scales associated with hydrophilic proteins
and cylindrical micelles. D is the diameter of a protein molecule, Wm = 2Ro is the
thickness of a micelle (Ro is the cross-sectional radius of the cylindrical micelles), L
is the length of an individual micelle of aggregation number n, and tm is the mesh
size of the micellar net or mesh.
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phase aqueous micellar systems can indeed provide a mild and friendly environment to

biomolecules. As such, two-phase aqueous micellar systems may provide a promising,

convenient, and practical methodology for partitioning, separating, or concentrating

biomolecules.

The studies reported in this thesis involve the partitioning behavior of biomolecules

in two-phase aqueous micellar systems. Similar to the case of biomolecule partition-

ing in two-phase aqueous polymer systems, several factors may affect the partitioning

behavior in two-phase aqueous micellar systems. in the studies reported in this thesis,

two important factors - temperature and the size of the partitioned biomolecules

-were investigated regarding their effects on the observed partitioning behavior. The

reason for choosing temperature as a controlling fctor is that, as described in Sec-

tion 1.2.2, in two-phase aqueous micellar systems, varying temperature will not only

change the condition of phase equilibrium by changing the surfactant concentrations

in the two coexisting phases, but will also alter the sizes of the micelles present in these

two phases (recall that the size distribution of micelles which exhibit one-dimensional

growth is strongly dependent on the overall surfactant concentration [27]). Conse-

quently, changing temperature in two-phase aqueous micellar systems is analogous

to changing polymer molecular weight in two-phase aqueous polymer systems. In

addition, the experimental partitioning results to be presented in the next chapter

indicate that the dominant interaction between a hydrophilic entity (protein) and a

non-charged micelle is of the excluded-volume type (see Section 2.2.4.3). Accordingly,

the partitioning behavior of biomolecules with different sizes is expected to be differ-

ent due to the difference in their excluded-volume interactions with micelles. In view

of this, the size of the biomolecules was chosen as an additional controlling factor in

the partitioning experiments reported in this thesis.

When compared and contrasted with two-phase aqueous polymer systems which

have been studied extensively, many facets associated with two-phase aqueous mi-

cellar systems, such as the underlying micellar solution structure and its effect on

the partitioning behavior, as well as the theoretical basis of biomolecule partitioning,

need to be investigated in order to elucidate and enhance our fundamental under-
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standi'ng of the partitioning behavior in these systems. This, in turn, will also assist

in the practical implementation of two-phase aqueous micellar systems as a useful

neva technique for the separation or concentration of biomolecules.

1.4 Research Objective and Method of Approach

The central goal of this thesis is to investigate the partitioning behavior .f hydrophilic

biological molecules in two-phase aqueous micellar systems. Specific objectives in-

clude:

* To investigate the interactions between micelles and hydrophilic biological molecules

responsible for the observed partitioning behavior.

* To develop a theoretical formulation for rationalizing and quantitatively pre-

dict:ng the partitioning behavior of hydrophilic biological molecules.

* To investigate the underlying structure of the micellar solution, and the possible

influence of this structure on the partitioning behavior of biological molecules.

* To evaluate the feasibility of utilizing two-phase aqueous miceiikr systems as a

novel practical separation and concentration methodology.

The method of approach to accomplish these objectives is outlined below:

1. To achieve the first objective, partitioning experiments were conducted, using

two-phase aqueous micellar systems composed of a nonionic surfactant (C10 E4 )

or a zwitterionic surfactant (C8-lecithin). Two types of biomolecules - hy-

drophilic proteins and viruses - were chosen as the partitioned entities, with

a total of five proteins and three bacteriophages, all different in size, utilized in

the partitioning experiments (see Sections 2.2 and 3.3 for details).

2. To achieve the second objective, a theoretical formulation based on a descrip-

tion of excluded-volume interactions between biomolecules (proteins or viruses)

and micelles (cylindrical or spherical) was developed. The flexibility of the
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cylindrical micelles was explicitly accounted for in the theoretical formulation

describing the partitioning behavior of virus particles. The theoretical predic-

tions were compared with the experimental partitioning results (see Sections 2.3

and 3.4 for details).

3. To achieve the third objective, dynamic light scattering measurements were con-

ducted to investigate the underlying micellar solution structure, and the results

were used to help rationalize the observed partitioning behavior of biomolecules

(see Chapter 5 for details).

4. To achieve the fourth objective, experiments involving simultaneous partitioning

of a protein (ovalbumin) and a virus (P22) at various volume ratios of the two

coexisting micellar phases were conducted in order to optimize the separation

or concentration efficiencies of the biomolecules in two-phase aqueous micellar

systems (see Chapter 4 for details).

1.5 Overview of Thesis

The remainder of the thesis is structured as follows. Chapter 2 presents the parti-

tioning work on hydrophilic proteins in two-phase aqueous micellar systems. This

includes the experimental approach, the theoretical formulation to describe the pro-

tein partitioning behavior, and a comparison between the theoretical predictions and

the experimental results. Chapter 3 describes the partitioning work on virus par-

ticles, including experimental results, the theoretical formulation, a comparison be-

tween the experimental results and the theoretical predictions, and a preliminary

study on kinetic aspects of the partitioning phenomenon. Chapter 4 describes the

implementation of two-phase aqueous micellar systems for separation or concentration

of biomolecules including proteins and viruses. A comparison of two-phase aqueous

micellar systems with other separation methodologies which are currently used in

biotechnology is also presented. Chapter 5 presents dynamic light scattering studies

aimed at elucidating the underlying solution structure of the CloE4 micellar system.
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Finally, Chapter 6 presents a summary and possible exteL;,ons of the work presented

in this thesis.
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Chapter 2

Protein Partitioning in 'rwo-Phase

Aqueous Micellar Systems

2.1 Introduction

In this chapter, experimental and theoretical work on the partitioning of hydrophilic

proteins in two-phase aqueous micellar systems is reported. As indicated in Chapter 1,

this part of the work was inspired by related protein partitioning work in two-phase

aqueous polymer systems [19, 20, 21, 22]. Two types of surfactants were used to

generate the two-phase aqueous micellar systems, and the partitioning behavior of a

total of five hydrophilic proteins was investigated. The pr(,tein partition coefficient,

Kp, which provides a quantitative measure of the protein partitioning behavior, is

defined as

Kp= Ct (2.1)
Cp,b

where Cp,t and Cp,b are the protein concentrations in the top and bottom phases

respectively, and they were determined using UV/visible light absorbance measure-

ments after partitioning was completed.

This chapter is organized as follows. Section 2.2 presents the experimental study

on protein partitioning in two-phase aqueous micellar systems, including the materi-

als, experimental procedures, and results. Section 2.3 presents the theoretical formu-
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lation based on a description of the excluded-volume interactions between hydrophilic

proteins and micelles, aimed at quantitatively predicting the observed partitioning

behavior, as well as a comparison of the theoretical predictions with experimental

partitioning data. Finally, Section 2.4 presents concluding remarks on the work re-

ported in this chapter.

2.2 Experimental Approach

2.2.1 Materials

The materials required for the experimental work include surfactants, hydrophilic

proteins, and buffer solutions. Below, each material is discussed separately.

2.2.1.1 Surfactants

The criteria for selecting the surfactant include:

* It should be non-destructive to protein molecules. This implies the absence of

overall charges on the surfactant heads which may induce protein denaturation,

as described in Section 1.2.3.

* It should form a two-phase aqueous micellar system over a convenient tempera-

ture range, desirably between 15 - 35°C, such that the integrity of most proteins

may be preserved as the proteins are partitioned in the two-phase systems.

* It should be available in high purity, that is, it should be chemically homoge-

neous. This will reduce artifacts associated with the surfactant chemical het-

erogeneity. In this case, the resulting surfactant-water micellar solutions will be

well characterized, and the comparison between the theoretical predictions and

the experimental results will be more precise and devoid of artifacts.

* It should not interfere significantly with the detection methods used to deter-

mine protein concentrations.
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Specifically, in this study, protein concentrations were measured using the UV/visible

absorbance method, and thus the surfactants used should not exhibit absorbance

of light in the UV/visible range. Accordingly, surfactants containing phenyl

groups (such as those belonging to the Triton series) were not considered ap-

propriate, because the phenyl group has a strong absorbance of light a a wave-

length of about 260 nm and can cause interference in the protein concentration

measurements, which are usually conducted at 280 nm.

In view of all of the above, the surfactants selected in this study include (1)

a nonionic surfactant, decyl tetra(ethylene oxide) (Co0E4), and (2) a zwitterionic

surfactant, dioctanoyl phosphatidylcholine (C8-lecithin). Details of their properties

are summarized below:

1. Nonionic Surfactant - CloE4

Homogeneous CloE4 (lot no. 1006) was obtained from Nikko Chemicals (Tokyo)

and was used as received. This surfactant belongs to the family of alkyl poly(ethylene

oxide) nonionic surfactants, CiEj, which possess a polar head consisting of j

ethylene oxide (E = OCH2CH2) units and a linear saturated hydrocarbon tail

consisting of i carbon atoms. In other words, the surfactant CloE4 has the

following chemical formula:

CH 3-(CH 2) 9 -(OCH 2CH 2 )4-OH

The CMC of CloE4 aqueous solutions is 6.4x 10- 4 M at 20.5°C. The C 0E4 aque-

ous micellar system exhibits a lower consolute point, that is, phase separation

in this system occurs upon heating. The critical temperature, T,, of the CloE4-

water system is about 20°C in pure water, and about 19°C in pH 7 McIlvaine

buffer (see Section 2.2.1.3 for details) at a critical surfactant concentration of

about 2.5 wt%. Hence, phase separation in the ClOE4 -water system occurs over

a convenient temperature range for protein partitioning. In addition, CloE4

micelles also exhibit significant one-dimensional growth into cylindrical struc-

tures. Therefore, the ClOE4 -water system is expected to have a transition in
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the solution structure from the "dilute" to the "entangled" regimes, similar to

that observed in the C12E6-water system (see Figure 1-5).

Note that the absolute values of critical properties, T and Xc, as well as of

other micellar solution properties such as the CMC, of aqueous CiE:, surfactant

solutions may depend on the particular surfactant lot used in the xperiments

due to the possible presence of impurities. For the CloE4 surfactan- used in this

study, the high purity of the surfactant lot (No. 1006) was tested i.nd proved

by the manufacturer, and all the CloE4 surfactant utilized in the experiments

reported hereafter belonged to this lot (lot no. 1006).

2. Zwitterionic Surfactant - C8-Lecithin

C8-lecithin powder (lot no. 80PC-34) was obtained from Avanti Polar Lipids,

Inc. (Alabaster, Alabama) and was used as received. Its molecular structure

is shown in Figure 2-1, indicating that the hydrophobic part consists of two

saturated hydrocarbon chains, each having eight carbons and being attached to

a glycerol moiety. The hydrophilic phosphatidylcholine group is zwitterionic in

the pH range 3 - 11, which implies that over this pH range the head possesses

two opposite charges, and the net charge is therefore zero. The structure of

the C8 -lecithin molecule is quite similar to that of the phospholipids found in

membranes of living organisms, but its hydrocarbon chains are only half as long

as those typically found in biological phospholipids.

The CMC of C8-lecithin in water is 2.5 x 10- 4 M at 48°C. The aqueous micellar

system of C8 -lecithin exhibits an upper consolute point, and phase separation is

thus induced by lowering the temperature. The critical point of the C8 -lecithin-

water micellar system is characterized by TC, 47.50C and Xc = 9.3 x 10- 4

(mole fraction) = 2.77 wt% in pure water [49]. As in the CloE 4-water system,

micelles of C8-lecithin exhibit significant one-dimensional growth into cylindrical

structures [27, 49], and a transition from the "dilute" to the "entangled" regimes

is also expected in the C8 -lecithin-water system.
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Figure 2-1: Chemical formula and molecular structure of C8-lecithin (from Refer-
ence [49]).
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2.2.1.2 Hydrophilic Proteins

Five hydrophilic proteins with different molecular weights (sizes) were 3elected, since

the protein size (molecular weight) was chosen as one cf the controlling factors in

the present study. The five hydrophilic protein;, cytochrome c (from horse heart),

soybean trypsin inhibitor (type I-S), ovalbumin, birine serum albumin, and catalase

(from bovine liver), were obtained from Sigma Citmicals (St. Louis, Missouri) and

were used as received. Their properties are listed i Table 2.1 [50, 51, 52].

Table 2.1: The five hydrophilic proteins used in this study and some of their charac-
teristic properties.

Protein

Cytochrome c

Soybean Trypsin
Inhibitor

Ovalbumin
Bovine Serum

Albumin
Catalase

Molecular
Weight
12,400
24,000

44,000
66,000

232,000

Hydrodynamic
Radius, R (A)

10.6
4.5

4.6
4.8

5.6

19

22

29
36
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An additional useful property of cytochrome c and catalase is that they contain a

heme group in their molecular structures, and Fence they absorb light in the visible

range. This makes their concentration measurements easier and more accurate than

those for other proteins which do not absorb visible light when the UV/visible light

absorbance method is used for protein concentration determination. In the case of

cytochrome c, since it is typically oxidized when being exposed to air and thus exhibits

a different absorbance pattern from that of its reduced form, sodium ascorbate was

added into all cytochrome c solutions in order to convert cytochrome c molecules

to the reduced form before measuring the cytochrome c concentrations using the

UV/visible absorbance method.

The overall protein concentrations used in the partitioning studies were kept low

because, under this condition, (1) the interactions between protein molecules are weak

and can therefore be neglected, and (2) the micellar structures and size distributions,
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as well as the phase separation behavior of the micellar solutions, can be assumed not

to be perturbed to any significant extent by the presence of the protein. The overall

protein concentrations used in the partitioning experiments were 0.5 g/L or lower.

2.2.1.3 Buffer Solution

The purpose of using buffer is to maintain the solution pH stable and constant.

McIlvaine buffer at pH 7, which is composed of citric acid and disodium phosphate

aqueous solutions, was used in all experiments. The buffer was prepared by mixing

18.15 mL of 0.1 M citric acid solution with 81.85 mL of 0.2 M disodium phosphate

solution in order to obtain a solution pH of 7, and then diluting this mixture by

adding water to make the final volume 1 L in order to reduce the salt concentrations

and the salt effects on the proteins and the micellar system.

The molecular weights and trade names of the citric acid and disodium phosphate

salt used for preparing the McIlvaine buffer are as follows:

* Citric Acid - H3 C6 H5 07 .H20, Formula weight = 210.14 g/mol,

Malinckrodt, No. 0616.

* Disodium Phosphate - Na2HPO4.7H20, Formula weight = 268.07 g/mol,

Fisher Scientific.

Deionized water purified by a Milli-Q ion-exchange system was used to prepare

all the salt solutions as well as for dilution. The final buffer solution also contained

0.02% sodium azide to prevent bacterial growth.

2.2.2 Coexistence (Cloud-Point) Curve Measurement

The purpose of this measurement is (1) to obtain the coexistence curve of the aqueous

micellar system, as well as to identify the temperature range for the partitioning

experiments, and (2) to observe any effects induced by the presence of proteins on

the phase separation equilibrium of the (protein-free) aqueous micellar system.

The method adopted for this measurement is the cloud-point measurement, in

which the cloud-point temperature, Tdid, of a micellar solution of a specific concen-
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tration is measured. The cloud-point temperature is the tiperature at which phase

separation of the solution begiis to occur. As the temperature approaches Tcalod,

the solution becomes cloudy and turbid. Hence, Toud Cau be detected visually as

the solution turns cloudy. A plot of tc experimentally determined cloud-point tem-

perature, Tcod, as a function of surfaci ut concentration, X, yields the coexistence

curve. This measurement was performed on aqueous micellar solutions without and

with a protein present in the solutions ', order to investigate whether the presence

of proteins affected the phase separation ehavior of the micellar system.

As stated in Section 1.2.2, some aqueo is micellar systems exhibit lower consolute

(coexistence) curves, such as the CiEl-water systems (see Figure 1-3 for an example),

and hence the phase separation phenoms;,on occurs when the micellar solutions are

heated up. For the aqueous micellar systems exhibiting upper consolute (coexistence)

curves, such as the C8-lecithin-water system (see Figure 1-4), phase separation occurs

when the micellar solutions are cooled down.

2.2.2.1 Apparatus

The apparatus used to measure the cloud-point temperature, Toad, consists of a

transparent water cell constructed from plexi-glass, as shown in Figure 2-2. This cell

has eight holes on the top for inserting the test tubes containing surfactant solutions,

and the transparent cell permits visual inspection of the onset of phase separation in

the surfactant solutions. The water cell is connected to a water bath (Neslab RTE-

110) by insulated rubber tubings, and the inflow and outflow of water in the cell

can be controlled by two stopcocks on the rubber tubings. The temperature of the

water in the cell, as well as that of the solutions in the test tubes, is controlled by

the water bath, whose temperature control is precise to within 0.1°C. A temperature

probe (Omega Thermistor Thermometer) is inserted in a test tube filled with water,

as shown in Figure 2-2, for measuring in situ the actual water temperature in the

cell. The box is placed on a magnetic stirrer (Thermolyne Nuova II), and each of the

solutions in the test tubes contains a small magnetic bar which can rotate, as induced

by the magnetic stirrer, in order to aid mass and heat transfer in the solution. A piece
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of ilack paper, with the words "clear" written in white, is attached to the back of the

cell, with the words "clear" arranged in such a way that they can be seen through

the solutions in the test tubes. The cloud-point temperature of a micellar solution is

then identified as the temperature at which the solution turns cloud-r enough so that

the word "clear" just disappears when seen through the solution.

2.2.2.2 Experimental Procedures

The following procedures were implemented to measure the cloud-point temperatures.

For the sake of illustration, the measurement of Tlod in the Co1 E 4-water system

is considered. Similar procedures were also implemented in the C8-lecithin-water

system, with the only difference being that the temperature as lcwezed instead of

being raised.

1. 1. - 2 mL of surfactant solutions of a given surfactant concentration (in the

range of 0.25 - 11 wt% for the ClOE4-water system) were prepared in the McIl-

vaine buffer at pH 7 in screw-top test tubes. A small teflon magnetic bar wv.s

then introduced in each test tube.

2. The test tubes containing surfactant solutions were placed in the water cell.

Each solution in the water cell was initially cooled to a temperature low enough

such that it exhibited a single, clear, homogeneous phase. The temperature in

the water cell was then raised in small increments (of about 0.02 - 0.03°C) by

adjusting the temperature of the water bath until the solution began to become

cloudy at a temperature Theat. Subsequently, the temperature was lowered in

small steps (of about 0.02 - 0.03°C) until cloudiness in the solution disappeared

at a temperature T,,ol. Note that, at each heating-up or cooling-down step, the

solution was first stirred thoroughly by turning on the magnetic stirrer to ensure

temperature and concentration homogeneity, and subsequently observed for any

signs of change in cloudiness with the stirrer turned off. The entire heating-up

and cooling-down procedures were repeated for several times to ensure repro-

ducibility and reversibility of the observed clouding behavior. The cloud-point
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temperature, Tod, was then determined by taking the average of the Theat's

and TCOO,,'s, with the measured Theat's and TOOl'S generally reproducible to within

0.030C.

3. The cloud-point curves of the CloE4 micellar systemr in the presence of proteins

were then measured. First, a protein solution containing 0.5 g/L protein was

prepared in McIlvaine buffer (the protein concentration was 0.25 g/L in the

case of cytochrome c), and then 1.5 - 2 mL of surfactant solution was prepared

from this protein solution. Step 2 was subsequently followed to determine the

corresponding cloud-point temperature, Tclod.

4. Tclod versus surfactant concentration was then plotted to yield the cloud-point

(coexistence) curve.

2.2.2.3 Results and Discussion

Figure 2-3 shows the experimental cloud-point curves of aqueous C1oE4 surfactant

solutions without protein (0), and with 0.25 g/L cytochrome c (A), 0.5 g/L ovalbu-

min (*), and 0.5 g/L catalase () in McIlvaine buffer at pH 7. From Figure 2-3, one

finds that the critical temperature, T, and the critical surfactant concentration, Xc,

are 18.81°C and 2 wt% respectively, with or without protein. This figure indicates

that, over the range of surfactant concentrations examined, the added proteins have a

negligible effect on the phase separation behavior of the CloE4 solutions. This impor-

tant finding will be utilized in the theoretical formulation (presented in Section 2.3.1)

to decouple the description of the protein partitioning from that of the surfactant

solution phase separation.

Shown in Figure 2-4 is the cloud-point curve of the C8-lecithin-buffer micellar

system. Due to the high cost of this material, only the cloud-point curve without

protein was measured. However, the finding from Figure 2-3 that the presence of pro-

teins does not affect the phase separation equilibrium of the CloE4 micellar solutions

should also be applicable to the C8-lecithin-buffer micellar system.

60



21.0

-'20.5
0

(1)

'~ 20.0

a)
E
a,
I- 19.5

19.0

1R C 

it" .bI-

- t,..)

0. ©~~~~~

O 0

86 0-o
-

I I I I I I I I I I 
I .

0 2 4 6 8 10 12

Concentration of C10 E4 (wt%)

Figure 2-3: Experimentally measured cloud-point (coexistence) curves of the C 0lE 4
micellar system in pH 7 McIlvaine buffer without protein (0) and with 0.25 g/L
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the data-point curve is the two-phase region, in which the partitioning experiments
were conducted.
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2.2.3 Correlation Plots of Proteins

In the partitioning experiments, protein concentrations were determined using UV/visible

absorbance measurements. The reason for choosing this method for determination of

protein concentrations is that, when compared to );her assaying methods, including

the Biuret and Lowry methods [53], the UV/visible absorbance measurement is rela-

tively straightforward and convenient to perform, and, if done properly, is devoi of

possible side effects associated with the presence of surfactant.

The protein correlation plots display the correlation between the protein concen-

trations and the UV/visible absorbance of the protein solutions at a specific wave-

length, when the UV/visible absorbance technique is used to measure protein con-

centrations. Typically, all the protein molecules have an absorbance band at about

280 nm, which is proportional to the protein concentration in solutions, with different

proportionality constants for different protein species. As a result, the absorbance at

280 nm is generally adopted as an index of protein concentrations in solutions.

The purpose of this measurement is to examine whether the presence of micelles

in the protein solutions will interfere with the protein concentration measurement

utilizing the UV/visible absorbance method, that is, whether the linear relationship

between the protein concentration and the UV/visible absorbance reading exists for

protein solutions with and without surfactants (micelles), since micelles coexisted

with proteins in the solutions to be examined. Although, as stated earlier, the sur-

factants (C1oE4 and C8-lecithin) were selected because they do not absorb light in

the UV/visible range, the micelles present in solutions can scatter light due to their

large sizes. Since the spectrophotometer, the instrument used for measuring the ab-

sorbance, measures the intensity of the transmitted beam through the solution, and

it assumes that the portion of light not being transmitted is all being "absorbed"

by the solution, even though this portion of light may actually be scattered instead

of being absorbed. It follows that the scattering of light by micelles can definitely

interfere with the protein concentration measurement. It is therefore important to

find a method to properly remove the interfering effect of the micelle scattering in
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order to obtain a high accuracy in protein concentration measurements. In addition,

since the scattered light intensity increases with decreasing wavelength ("Rayleigh

scattering" [54]), the interference of micelle scattering with the protein concentration

measurement should be more pronounced at lower wavelengths. In view of this, those

proteins which have absorbance bands at higher wavelengths, particularly in the visi-

ble range, are more favorable, since their concentration measurements will be affected

to a smaller extent by the micelle scattering. Proteins containing heme groups in their

molecular structure, such as cytochrome c and catalase, fall in this category.

It is also noteworthy that the micellar solutions undergoing phase separation will

become cloudy and turbid, a feature which will hinder the UV/visible absorbance

measurements. It is therefore necessary to keep the solutions at temperatures at which

each of the solutions exists as a clear and single phase in the UV/visible absorbance

measurements. The change of temperature does not affect the protein concentration

measurement since the UV/visible absorbance of proteins is not dependent on the

temperature. For the ClOE4-buffer micellar system, whose critical temperature is

about 19°C, the temperature at which the UV/visible absorbance was measured was

about 15°C, 4C below To; for the C8-lecithin-buffer system, a temperature which

was 3°C higher than that corresponding to the cloud point of the surfactant solution

was adopted. For example, for a C8-lecithin solution with Tdoud = 100C, the protein

concentration was determined at 13°C.

2.2.3.1 Equipment

A Shimadzu UV-160V double-beam spectrophotometer was used for the UV/visible

absorbance measurements. The cell holders in the spectrophotometer were connected

to a water bath (Neslab RTE-110), whose temperature control was precise to within

0.1°C, in order to adjust the temperature of the solutions placed in the cell hold-

ers. Semi-micro quartz cuvettes were used in order to achieve high accuracy and

consistency in the measurements.
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2.2.3.2 Experimental Procedures

A. Correlation Plots of Protein Solutions Without Surfactant

1. Protein solutions of vrious concentrations (0 - 1 g/L) were prepared in pH 7

McIlvaine buffer.

2. The protein solutions were poured into quartz cuvettes, and the UV/visible

absorbance of the solutions was measured with the spectrophotometer, using

the buffer solution as the reference. The absorbance at 280 nm was measured

for most of the proteins, 410 nm for catalase, and 549.5 nm for cytochrome c

after cytochrome c solutions were reduced by adding sodium ascorbate.

3. The UV/visible absorbance readings versus protein concentrations were then

plotted for each protein to yield the correlation plot A linear relationship was

obtained.

B. Correlation Plots of Protein Solutions in the Presence of CloE4

1. Protein solutions of various concentrations (0 - 1 g/L) were prepared as de-

scribed in A.1, followed by the addition of CloE4 into each of the protein so-

lutions. A solution containing only surfactant and buffer, but without protein,

was also prepared as the "standard" solution. All the solutions prepared had

the same surfactant concentration but different protein concentrations.

2. The UV/visible absorbance measurements were conducted at 15°C. The ab-

sorbance measurements were conducted after the solutions were kept in the cell

holders in the spectrophotometer at this temperature for at least 40 minutes,

and the solutions were totally clear and uniform. In addition to the absorbance

at the wavelength of 280 nm (or 410 nm for catalase and 549.5 nm for cy-

tochrome c), the absorbance at a higher wavelength, at which no siguificart

absorbance band was located, such as 400 nm (and 600 nm for catalase and

cytochrome c), was also measured for comparing and calculating the micelle

light scattering effect.
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3. All the absorbance readings were measured with a buffer solution as the refer-

ence. The absorbance of protein in a solution was obtained by subtracting the

readings of the surfactant solution without protein (the "standard") to eliminate

the micelle light scattering effect. Specifically, using the following notation,

A280, A°0o = Absorbance readings of the "standard" solution at 280 nm and

400 nm respectively,

A28 0, A400 = Absorbance readings of the solution containing both protein and

surfactant at 280 nm and 400 nm respectively,

A*s o = Absorbance of protein in the solution at 280 nm, which reflects the

contribution of protein absorbance solely and therefore should be

proportional to the protein concentration,

A280 was calculated according to the following equation:

A280 = A280 - A400 - (Aso - Ao00) (2.2)

Note that A280, A400, etc. were replaced in Eq. (2.2) by A549.5, A600, etc. in the

case of cytochrome c solutions, and by A4 1o, A 600, etc. in the case of catalase.

4. A 80 data were plotted as a function of the protein concentration. The resulting

correlation plot was compared to that obtained without surfactant present in

the solutions.

2.2.3.3 Results and Discussion

Figure 2-5 is an example of the correlation plot of ovalbumin at different CloE4 con-

centrations in pH 7 McIlvaine buffer. The correlation curves of the other proteins

were also found to exhibit a similar pattern. This figure indicates that, after sub-

tracting the micelle scattering effect, as in Eq. (2.2), the presence of micelles does not

seem to affect the protein concentration measurement to any significant extent. In

addition, from the linear relation displayed in the correlation plots, such as the one

shown in Figure 2-5 corresponding to ovalbumin, the actual protein concentration
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in the solution can be calculated from the measured absorbance if the solution does

not contain surfactant, or it can be calculated from the As80 values if the solution

contains surfactant.

2.2.4 Protein Partition Coefficient Measurement

The protein partition coefficient, Kp, as defined in Eq. (2.1), was measured and calcu-

lated from the protein concentrations in the top and bottom phases after partitioning

was completed. Each partitioning experiment was conducted at a specific tempera-

ture at which the micellar system exhibited phase separation behavior, and only one

protein species was partitioned in one phase-separated system.

2.2.4.1 Equipment

The apparatus used in the partitioning experiments was the same as the one de-

scribed in Section 2.2.2.1 and shown in Figure 2-2, except that the magnetic stirrer

and small magnetic bars were not needed. 1-cc Syringes and needles were used to ex-

tract the phase solutions after partitioning was completed. The Shimadzu UV-160V

double-beam spectrophotometer and quartz cuvettes were used to measure protein

concentrations, as described in Sections 2.2.3.1 and 2.2.3.2.

2.2.4.2 Experimental Procedures

1. At least three surfactant solutions containing 0.5 g/L of a protein species (0.25 g/L

when cytochrome c was partitioned) in pH 7 McIlvaine buffer were prepared.

The total surfactant concentration in each of the solutions was chosen to yield

approximately equal volumes of the two phases at each temperature, that is,

the total surfactant concentration corresponded to the mid-point of the tie-line

at the experimental temperature, as determined from the temperature versus

concentration coexistence (cloud-point) curve. Another solution with the same

total surfactant concentration, but without protein, was also prepared in pH 7

McIlvaine buffer as the "reference" solution. All the solutions were well mixed
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by shaking gently and were kept at ,- 'amperature at which the solutions exhib-

ited a clear, single phase.

2. Once the water temperature in the c11 was set and maintained at the desired

temperature, te solutions prepared in step 1 were placed in the water cell and

allowed to equil;tr;te for at least 6 hours. The temperature in the cell was kept

constant and wa& monitored using the thermometer probe during this perio&of

time.

3. Following equilibra ;ion, the two phases in each solution were withdrawn with

great care using syringe and needle sets in order to ensure that no mixing of

the two phases ocr;lrred. One syringe and needle set was used exclusively for

withdrawing one phase solution.

4. UV/visible absorbance measurements were conducted on all phase solutions in

order to measure protein concentrations. Equation (2.2) was applied to subtract

the effect of micelle light scattering, using the two phases of the "reference"

solution as the "standard" of the top and bottom phases. The protein con-

centration in ach of the phase solutions was then calculated according to the

linear relation obtained from the correlation plot of the corresponding protein.

5. The protein partiti)n coefficient, Kp, was calculated according to Eq. (2.1).

A mass balance calculation on the amount of protein before and after parti-

tioning was performed in order to assess the accuracy of the meas-ired protein

concentrations.

2.2.4.3 Results and Discussion

Figure 2-6 shows the experimentally measured partition coefficients, Kp, of

cytochrome c (), ovalbumin (), and catalase () as a function of temperature

over the range 18.8 - 21.2°C in two-phase aqueous CloE4 systems containing 0.25 g/L

cytochrome c, 0.5 g/L ovalbumin, and 0.5 g/L catalase, respectively, in pH 7 McIl-

vaine buffer. The fact that Kp < 1 indicates that these three hydrophilic proteins
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Figure 2-6: Experimentally measured partition coefficients, Kp, of cytochrome c (A),
ovalbumin (), and catalase () in the temperature range of 18.8 - 21.2°C in the
two-phase aqueous CloE4 micellar system. Also shown are the predicted partition
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of temperature.
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partition preferentially into the bottom micelle-poor phase. At the critical point, To=

18.810C, which corresponds to the minimum of the coexistence curve in Figure 2-

3, the partition coefficients should approach unity since the two coexisting micellar

phases become identical at this point. As the temperature increases away from the

critical temperature, Kp decreases and deviates further from unity for all the three

proteins. These observations suggest that (1) proteins are pushed into the phase

which has a larger available free volume (which, in this case, is the bottom micelle-

poor phase), and (2) this tendency becomes stronger as (T - To) increases, that is,

with increasing difference in the surfactant concentrations (or the volume fractions

occupied by micelles) of the two coexisting phases (see Figure 2-3). One can also

observe from Figure 2-6 that, at a fixed temperature, the extent of the protein par-

titioning into the bottom micelle-poor phase increases in the order cytochrome c <

ovalbumin < catalase. These observed trends are consistent with the notion that

excluded-volume interactions between proteins and CloE4 micelles play the domi-

nant role in determining the observed partitioning behavior, since catalase has the

largest size (M.W.=232 000 Da), followed by ovalbumin (M.W.=44 000 Da), and

cytochrome c (M.W.=12 400 Da). The errors of the mass balance calculation were

small (generally within ±10%), indicating that no significant loss of materials had

occurred, and that the proteins did not accumulate at the interface between the two

phases (this was also observed by visual inspection of the interface).

Some partitioning results in the C8-lecithin micellar system are presented in Fig-

ure 2-9 (see Section 2.3.2 for details).

2.3 Theoretical Approach

2.3.1 Theoretical Formulation

Results of various experimental and theoretical studies have shown [27, 55, 56] that,

under appropriate solution conditions, CloE4 and C8-lecithin can form long, flexible,

and polydisperse cylindrical micelles. The average length of a CloE4 or C8-lecithin
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micelle greatly exceeds the hydrodynamic radius of a typical hydrophilic protein (20 -

60IA), and the micelles appear rigid on the scale of a typical protein molecule, as dis-

cussed in Section 1.3. As stated in Section 1.2.3, experimental results indicate [43, 44]

that hydrophilic proteins do not bind nonionic and zwitterionic surfactants of the type

used in this study to any significant extent. In addition, the coexistence (cloud-point)

curve measurements, such as those reported in Figure 2-3, reveal that the effect of

these hydrophilic proteins on micellar characteristics, including phase separation be-

havior, is negligible. In view of these observations, it is reasonable to assume that, to

a first approximation, hydrophilic proteins and CloE4 or C8-lecithin micelles behave

as mutually non-associating entities interacting primarily through short-ranged, re-

pulsive, excluded-volume interactions. In addition, the micellar solutions in the two

coexisting phases are assumed to be at 0-solvent conditions [15, 57]. Under such con-

ditions, the excluded-volume interactions and the attractive interactions (primarily

of the van der Waals type) between the micelles exactly cancel each other. Therefore,

the non-charged cylindrical micelles can be modeled as non-interacting, mutually pen-

etrable, polydisperse, hard spherocylinders, and the globular hydrophilic proteins are

modeled as non-interacting hard spheres [7]. Geometric models of the micelles and

the proteins are shown in Figure 2-7.

As stated earlier, the protein partition coefficient is defined in Eq. (2.1) as

Kp= Cpt (2.3)
Cp,b

where Cp,t and Cp,b are the protein concentrations in the top (t) and bottom (b) phases

respectively. Under conditions of low protein concentration, non-charged surfactants,

and low salt concentration, the assumption that protein molecules and micelles in-

teract as hard particles can be justified. In Appendix A, it is shown that Kp is given

by

Kp= t (2.4)Ob n
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Model Cylindrical Micelle

Vn = 7Ro2 (Ln + 4Ro/3)

Model Globular Protein

Vp = 4Rp3/3

Figure 2-7: Geometric models of the cylindrical micelles and the globular hydrophilic
protein molecules assumed in the excluded-volume theoretical approach. The cylin-
drical micelles are modeled as hard spherocylinders, with hemispherical caps on both
ends of the cylinders, and the protein molecules are modeled as hard spheres.
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where Q2 is given by

Q = exp (- NnUn,p/V) (2.5)
n

where Un,p is the excluded volume between a protein molecule and a micelle of ag-

gregation number n, Nn is the number of nmicelles of aggregation number n, and V is

the volume of the phase. Using Eq. (2.5) in Eq. (2.4) yields

Kp = exp[-E Un (V ] (2.6)

The interested reader is referred to Appendix A for a detailed derivation of Eqs. (2.4),

(2.5), and (2.6).

The excluded volume, Un,p, between a protein molecule (sphere) and a micelle

(spherocylinder with hemispherical ends) is given by [7]

Un,p = 4i(Rn + Rp)3/3 + w(Rn + + R) 2Ln (2.7)

where Rn and Ln are the cross-sectional radius and length of the cylindrical part

of a spherocylindrical micelle of aggregation number n, and Rp is the radius of the

protein molecule, as indicated in Figure 2-7. The value of R, is determined by the

"length" of the constituent surfactant monomers and is hence independent of the

micellar aggregation number, n. Therefore, one can write R, = Ro. On the other

hand, the value of Ln increases linearly with n and is related to the total volume

of the micelle, nv,, where v, is the volume that a surfactant monomer occupies in

the micelle (note that v, may not be the same as the actual physical volume of the

surfactant molecule, see Section 2.3.2), by

nv, = rRLn, + 4wR/3 (2.8)

where 4Rg/3 is the volume of the two hemispherical caps of a spherocylindrical

micelle. Using Eq. (2.8) in Eq. (2.7), we obtain the following expression for Un,p:

Un,p = nvs(1 /Ro)+ + Vp(1 + Ro/)p) 2 (2.9)
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where Vp = 47rRp3/3 is the volume of the protein molecule. Substituting the expression

of U,,p given in Eq. (2.9) in Eq. (2.5) and carrying out the summation yields

f = exp {-[ (1 Ro/R,) 2 pVp + (1 + Rp/Ro)2 q ]} (2.10)

where p = E, N,IV is the numbol ensity of micelles, and 0 = Nsv s /V is the total

volume fraction occupied by micel.ei, with N8 = En nN, being the total number of

surfactant molecules. Note that the srfactant monomer concentration is ignored here

because it is very close to the critical micelle concentration [25] and hence is nearly

equal in the top and bottom mi2ellar solution phases. Accordingly, the presence of

the monomers has little effect on the protein partitioning behavior. On the other

hand, represents the fraction of the solution volume which is actually occupied

by micelles, and it depends on the volume occupied by a surfactant molecule in a

micelle, v,. Consequently, may not correspond to the actv'al total volume fraction

of surfactant (see Section 2.3.2 for details).

The number density of micelles, p, in Eq. (2.10) is determined by the size distribu-

tion, {Nn}, of the micelles. When the micelles grow into long cylinders (which is the

case of interest here since both C'10E4 and C8-lecithin form long, cylindrical micelles),

pVp can be shown [7, 27] to be much smaller than . In that case, fQ in Eq. (2.10) is

given approximately by

Q = exp l - (1 + Rp/Ro) 2 ] (2.11)

Using Eq. (2.11) for the top (t) and bottom (b) phases respectively in Eq. (2.4), one

obtains the following remarkably simple expression for the protein partition coefficient

in a two-phase aqueous surfactant system containing long cylindrical micelles:

Kp = exp [-(t - b)(1 + Rp/Ro) 2 1 (2.12)

where t and b denote the volume fractions occupied by micelles in the top and

bottom phases respectively.

Although not relevant to the experimental systems considered in this study, it
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is interesting to derive the partition coefficient in systems containing monodisperse

spherical micelles. In this case, all the micelles are of the same size and have the same

aggregation number, no, and the number of micelles is N,, = Nv s /V,,o, where Vn =

47rR3/3 is the volume of a micelle. The number density of micelles is p = N,,o/V.

Using this expression in Eq. (2.10) for 2 yields

Q = exp [ -0 (1 + Rp/Ro)3 ] (2.13)

and the associated protein partition coefficient in a two-phase aqueous surfactant

system containing spherical micelles is given by

Kp = exp [ -(Ot - bb)(1 + Rp/Ro)3 (2.14)

Equations (2.12) and (2.14) indicate that the uneven partitioning of a hydrophilic

protein in the two-phase aqueous non-charged surfactant systems considered here is

a direct consequence of the difference in the volume fractions that micelles occupy

in the two coexisting micellar solution phases, (t - qib). In addition, the value of

the partition coefficient depends on the relative sizes of micelles and proteins, as

reflected in the values of Ro and Rp. Specifically, as the protein size increases, the

protein will partition more unevenly into the micelle-poor phase of the two-phase

aqueous surfactant system. By comparing Eqs. (2.12) and (2.14), one observes that

the shape of the micelles also plays an important role on the predicted partitioning

behavior. Particularly, the power 3 on the (1 + Rp/Ro) term in Eq. (2.14), relative

to the power 2 on the (1 + Rp/Ro) term in Eq. (2.12), suggests that partitioning

will be more uneven in the two-phase micellar systems containing spherical (rather

than cylindrical) micelles for a specific partitioned biomolecule, if the Ro value is

approximately the same.
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2.3.2 Comparison of tiita Theoretical and Experimental

Partitioning Results

In order to pre'dict the variation of Kp with temperature, values of Ro and Rp and of

(qt - Ob) as a function of temperature are needed. In general, Ro is approximately

equal to the lkno; h of the surfactant mclecule in a micelle and can therefore be written

as the sum of 4t e cross-sectional radius of the hydrocarbon core, I, and the length

of the surfactni hydrophilic moiety (referred to as "head"), h, that is, Ro = lc + lh-

Calculations based on a recently developed molecular model of micellization [55,

58] yield 4, - 12A and 10 for C1oE4 and C8-lecithin micelles respectively. The value

of h depends on the average conformation adopted by the surfactant head, which is

a tetra(ethylene oxide) chain in the case of CloE4 and a phosphatidylcholine group in

the case of C8-'ecithin. As a first approximation, it is assumed that the unperturbed

tetra(ethylene oxide) chains of CloE4 nLicelles behave as Gaussian chains with one

end attached to a wall (to mimic the micellar surface). This results in a value of

lh 9A [59]. The phosphatidylcholine group in a Cs-lecithin micelle is assumed to

be fully extended and oriented perpendicular to the micelle surface, in which case

its length is estimated to be 11A. Therefore, the cross-sectional radii of CloE4 and

C8-lecithin micelles are both approximately Ro =21A. The hydrodynamic radii of

cytochrome a, ovalbumin, and catalase are Rp, =19A, 29A, and 52A, respectively, as

listed in Table 2.1.

As stated in Section 2.3.1, the volume fractions of micelles in the top and bottom

phases, t and b, in the case of CloE4 micelles, may be different from the total

volume fractions of surfactants, qt and O', as determined from Figure 2-3. This is

due to the substantial water penetration into the region containing surfactant heads

when the tetra(ethylene oxide) chains adopt a Gaussian conformation. In this case,

the "wet" volume occupied by a surfactant molecule in a micelle, v, can be larger

than the actual "dry" volume of a surfactant molecule, v. When there is no water

penetration into the region containing the heads, the length of the "dry" surfactant

head in a cylindrical micelle, 1', is given by I' = 14[(v'/v,) 1/ 2 - 1], where v and
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vC are the actual "dry" volumes of the surfactant molecule and its hydrocarbon tail

respectively. For CloE4 micelles, v =580A3 [7], and vc =269]t3 [25, 55], which yields

1' =5.8A.

When the head region is highly hydrated, such that h > , the volume of a

cylindrical micelle is greater than the total physical "dry" volume occupied by the

constituent surfactant molecules, and should therefore be scaled by a correction factor

[(1c + lh)/(lc +/ 1)]2. Accordingly, the actual micelle volume fraction in the solution

q)t (b) can be calculated from q)t (qb4), the "dry" volume ratios (which can be deter-

mined from the amount of CloE4 put into a solution when preparing the solution),

by multiplying q (,) by the correction factor given above.

In the case of C8-lecithin micelles, the heads are more compact than in the CloE4

case, and the extent of water penetration is expected to be less pronounced. Accord-

ingly, as an approximation, the volume of a C8-lecithin micelle is assumed to be equal

to the total physical "dry" volume occupied by the surfactant molecules constituting

the micelle, and the correction factor is taken as 1 for C8-lecithin micelles.

The values of qt and qb at various temperatures can be obtained from the experi-

mentally measured coexistence curves of aqueous solutions of CloE4 and C8-lecithin,

such as Figures 2-3 and 2-4. At a given temperature, Obq and b are given by the

intersections of the horizontal tie line corresponding to that temperature with the

surfactant-rich and surfactant-poor branches of the coexistence curve respectively.

Using the known values of Ic, h, and I' given earlier, the correction factor for CloE4

can be calculated (it is unity for C8-lecithin), which, when multiplied by (t - b),

yields the values of (t - bb) to be used in Eq. (2.12).

Figure 2-6 shows the predicted variation of Kp with temperature in the two-phase

aqueous CloE4 system for cytochrome c (-..), ovalbumin (--), and catalase (-

) corresponding to the ( - b) values determined from Figure 2-3. Ro 21A,

and the Rp values listed above. As can be seen, there is good agreement with the

experimentally measured Kp values.

The dependence of the partition coefficient, Kp, on protein size, R, can be seen

clearly by plotting Kp as a function of the ratio Rp/Ro, at a fixed temperature, or
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equivalently, at a fixed value of (t' - QYb). For C10E4 at 210C, $t' - Ob 10% (see Fig-

ure 2-3). Figure 2-8 shows the predicted variation of Kp as a function of Rp/Ro (full

line), together with the experimental Kp values cociesponding to cytochrome c (),

soybean trypsin inhibitor (), calbumin (), bovine serum albumin (), and cata-

lase (). This figure indicate tat as R, increases relative to Ro, the value of Kp

decreases and can become vani3tiagly small or Rp/R0 > 5.

It is also noteworthy that, ill bovine serum albumin (BSA), which is known to

possess high-affinity binding sitei to amphiphilic molecules, as mentioned in Sec-

tion 1.2.3, the experimentally obtained Kp value agrees well with the theoretical

prediction. This suggests that the affinity binding sites of BSA do not bind to the

surfactant C10E4 , and that the ;'JA molecules interact with CloE4 micelles mainly

through excluded-volume interactions, similar to the other proteins examined.

In the case of C8-lecithin, (b - OQt) ~ 10% at 10°C (see Figure 2-4). Note that in

the C8-lecithin case, the bottom phase is micelle-rich while the top phase is micelle-

poor. Accordingly, due to excluded-volume interactions, hydrophilic proteins should

partition preferentially into the top micelle-poor phase, namely, the values of Kp

should be greater than 1. Figure 2-9 shows the predicted variation of Kp as a function

of Rp/Ro using Eq. (2.12), together with the experimental Kp values corresponding

to cytochrome c (A), ovalbumin Hi), and catalase (). This figure shows that, as

expected, Kp > 1 and increases as Rp/Ro increases. One can see from Figures 2-8 and

2-9 that the agreement between theory and experiment is good for both surfactant

systems.

2.4 Conclusions

This chapter presented experimental and theoretical studies on the partitioning of

several hydrophilic proteins in two-phase aqueous C1oE4 and Cs8-lecithin surfactant

systems. The following conclusions can be reached:

* The partitioning is more uneven for protein molecules possessing larger sizes,

or when the difference in the surfactant concentrations of the two coexisting
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Figure 2-8: Predicted protein partition coefficient, Kp, as a function of the ratio,
Rp/Ro , in the two-phase aqueous CloE4 micellar system at 21°C. Rp is the protein
hydrodynamic radius, Ro=21A is the cross-sectional radius of a CloE4 cylindrical mi-
celle, and qt - kb=10% at 210 C. The various symbols correspond to the experimentally
measured Kp values of the following prcteins: cytochrome c (, Rp=19A), soybean
trypsin inhibitor (, Rp=22A), ovalbumin (, Rp=29A), bovine serum albumin (,
Rp=36A), and catalase (, Rp=52A).
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Figure 2-9: Predicted protein partition coefficient, Kp, as a function of the ratio,
Rp/Ro, in the two-phase aqueous C8-lecithin micellar system at 10°C. Rp is the protein
hydrodynamic radius, Ro=21A is the cross-sectional radius of a C8-lecithin cylindrical
micelle, and O' - Ob=10% corresponding to 100C. The various symbols correspond to
the experimentally measured Kp values of the following proteins: cytochrome c (A,
Rp=19A) , ovalbumin (, Rp,=29A), and catalase (, Rp=52A).
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phases is more pronounced. These findings suggest that the interactions between

hydrophilic protein molecules and micelles are primarily of the excluded-volume

type.

* The good agreement between the theoretical predictions and the experimental

results indicates that excluded-volume interactions between proteins and non-

charged micelles are indeed the dominant factor controlling the observed protein

partitioning behavior.

* Based on the findings in this chapter, it follows that large hydrophilic particles,

such as water-soluble colloids, viruses, and cells, should exhibit highly uneven or

drastic partitioning behavior in the two-phase aqueous micellar systems. This

should be useful in biotechnology for separation or concentration of biological

materials.

Accordingly, it appears a natural extension to further investigate the partitioning

behavior of larger biological particles in two-phase aqueous micellar systems. An

investigation of the partitioning behavior of bacteriophages is presented in the next

chapter.
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Chapter 3

Partitioning of Virus Particles in

the Two-Phase Aqueous C10E4

Micellar System

3.1 Introduction

In the case of protein partitioning in two-phase aqueous micellar systems reported

in Chapter 2, the excluded-volume theoretical formulation suggested the extremely

uneven partitioning behavior of partitioned entities with radii exceeding about 100A.

Hence, it appears interesting to extend the partitioning work reported in Chapter 2 to

the case of larger hydrophilic particles. With this in mind, the partitioning behavior

of virus particles, specifically of bacteriophages, was investigated, and the results of

this investigation are reported in this chapter.

This chapter is organized as follows. Section 3.2 presents an overview of the

properties of virus particles, and the reasons for choosing bacteriophages for the par-

titioning studies. Section 3.3 describes the experimental approach adopted in the

virus partitioning expecriments, including a detailed description of the bacteriophages

used, the experimental procedures, and results of the partitioning experiments. Sec-

tion 3.4 presents the theoretical approach for modeling the virus partitioning behavior,
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including modifications of the theoretical formulation presented in Section 2.3.1 to

incorporate the flexibility of micelles, as well as a comparison of the theoretical pre-

dictions with the experimental partitioning results. Section 3.5 describes results of

a preliminary study on kinetic aspects associated with the partitioning phenomenon.

Finally, Section 3.6 presents concluding remarks on the studies reported in this chap-

ter.

3.2 Overview of Virus Properties

3.2.1 General Properties of Viruses

Viruses are small, transmissible, and potentially pathogenic biological particles. Viruses

were not discovered until the end of the 19th century [60] mainly due to their small

sizes. Indeed, unlike bacteria, viruses cannot be observed using conventional micro-

scopes. The shape and size of virus particles could not be observed or measured

explicitly until the invention of the electron microscope [61].

A unique feature of viruses is that the only metabolic function that they exhibit

is reproduction and multiplication through infecting and destroying living cells, with

each virus species infecting a specific cell species (which is usually called the "host"

cell). The viral behavior of infecting, attacking, and destroying cells is called "ly-

sis." Hence, viruses are parasitic in nature. Viruses can hence be categorized into

three classes according to the nature of the host cells: (1) animal viruses, (2) plant

viruses, and (3) bacterial viruses or bacteriophages (in short referred to as "phages").

Research on viral properties frequently exploits the lysis phenomenon, which may

result in animal or plant virus lesion or formation of bacteriophage plaques [61] (see

Section B.1 of Appendix B for details on generating bacteriophage plaques).

The infecting unit of viruses is a virus particle or a "virion." The structure of

virus particles typically includes a protein capsid and nucleic acids. The nucleic acids,

DNA or RNA, carrying the genetic information of viruses, are packed inside the cap-

sids. The capsids are composed of protein molecules and usually include two types:
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(1 ) helical capsids, for example, in the tobacco mosaic virus (a plant virus), and (2)

isometric (quasi-spherical) capsids, for example, in the bacteriophage X174. Some

of the viruses belonging to the latter category also possess more complex stcuctures,

including spikes on the vertices of the capsids, tails, or tail fibers (for example, in the

bacteriophage T4). In the viral capsids, the arrangement of the protein molecules cor-

responds to the energetically most stable condition. Certain experinental results 61]

revealed that the segregated protein molecules can reaggregate into she shape of the

original capsid, regardless of whether the nucleic acids are present in t e capsid. This

indicates that the structure of virus particles is very stable and intact thus enabling

viruses to endure harsh conditions without being destroyed. In addition, some viruses,

mostly animal viruses, possess external envelopes composed mainly of phospholipid

bilayers. For additional information on virus structures, genetic characteristics, and

virus-host interactions, see References [60, 61].

3.2.2 Reasons for Choosing Bacteriophages in the

Partitioning Experiments

The reasons for choosing bacteriophages in the partitioning experiments are listed

below:

* They possess a suitable size

The radii of bacteriophage particles are in the range of 100 - 1000A and, as

such, their sizes range from slightly larger to about 1 - 2 orders of magnitude

larger than those of protein molecules. Accordingly, the use of bacteriophages

significantly increases the size of the partitioned entity beyond that of proteins

considered earlier.

* They possess a homogeneous structure

As stated earlier, virus capsids are built and assembled from small protein sub-

units in a prescribed pattern. Accordingly, bacteriophages are as homogeneous

as protein molecules, with every particle belonging to the same viral species
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possessing the same shape, size, and composition [61]. This homogeneity in the

virus physical and chemical properties is even higher than that of bacterial or

yeast cells from a pure cell culture. This feature also makes viruses more suit-

able than other synthetic colloidal particles, for example, polystyrene beads, for

the partitioning study.

· They possess stable properties

As mentioned earlier, the structure of the viral capsids corresponds to a state of

minimal free energy. As a result, unlike protein molecules whose conformations

may be affected by the environment, the structure of virus particles is sturdy

and cannot be altered easily. This indicates that the virus particles can remain

stable and intact in various environments.

* Their concentration can be reliably measured

The typical assaying method for determining bacteriophage concentrations in-

volves a biological activity assay (see Sections 3.3.2 and B.1 for details), which

is a well-established method and is not easily affected by the presence of other

particles. Consequently, results obtained from the biological activity assay are

very reliable.

* Bacteriophages are harmless to human beings

Since bacteriophages only infect bacterial cells and do not harm animal (hu-

man) cells, they are harmless to researchers investigating their behavior. In

addition, by modifying the genetic characteristics of bacteriophages and their

host bacterial cells, biologists are able to control the growth of bacteriophages.

Therefore, handling and utilization of bacteriophages is convenient as compared

to that of animal or plant viruses.

In view of the reasons listed above, bacteriophages were chosen as the model

virus particles for the partitioning experiments. Specifically, three bacteriophages,

bX174, P22, and T4 (in the order of increasing size), were utilized in the partitioning

experiments involving two-phase aqueous CloE4 nonionic micellar systems.
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3.3 Experimental Approiach

3.3.1 Materials

The materials used in t he experiments reported below include: (1) the nonionic sur-

factant, CLoE4, (2) bacteriophages, and (3) pH 7 McIlvaine buffer. CloE4 and the

McIlvaine buffer are th.: same as those used in the protein partitioning experiments

described in Sections 2.2.1.1 and 2.2.1.3. A description of the bacteriophages used,

qX174, P22, and T4, including some of their properties and those of the host bacteria

is presented below:

* P22 and its ho.3t b3cteria, Salmonella strand 7136 or 7155, were obtained from

the laboratory of Professor Jonathan King in the Department of Biology at

M.I.T. P22 is a DNA bacteriophage which consists of an isometric head with

short tail spikes. P22 possesses a spheri: al shape with a radius of 285A, as

measured with x-ray diffraction [62]. P22 was first found as a temperate phage

of the bacterium Salmonella typhimurium [63] (a "temperate" phage is one

which can be incorporated into its host cells without destroying or lysing the

host cells). Tiis phage requires the presence of magnesium ions (Mg+2) to

remain stable and intact in solutions.

*· X174 type am(E)'V4 and its host bacteria, Escherichia coli strain B (BAF5),

were kindly provided by Professor Bentley Fane in the Department of Biolog-

ical Sciences at the University of Arkansas. X174 is a small bacteriophage

consisting oi' single-stranded DNA and a protein capsid [64]. X174 can thus

be viewed as having a spherical shape with a radius of 125A, as measured with

x-ray diffraction [64]. Unlike P22, X174 does not possess tail spikes on the

spherical capsids. Due to its simple structure, bX174 constitutes an attractive

system for biological studies. bX174 infects Escherichia coli and Salmonella ty-

phimurium by binding to lipopolysaccharides present in the outer membranes of

these cells. Calcium ions (Ca+ 2 ) are required by bX174 for successful infection

of the host cells.

87



* T4-D (wild type) was also obtained from Professor King's laboratory, and its

host bacteria, Escherichia coli strain B (B40), was kindly provided by Professor

Edward Goldberg in the Department of Microbiology at Tufts University. T4

is a DNA bacteriophage which has been studied extensively. It possesses a

complicated structure, including an isometric capsid, a tail, and tail fibers (see

Figure 3-1) [65]. The width of the T4 particles is 850A as measured with X-

ray diffraction [65], and the length of the capsid is 1100A. The tail sheath can

be extended or contracted, with an average length of 980A. Accordingly, it is

appropriate to treat T4 particles as rod-like (rather than spherical) particles,

with a total length of about 2000A. The equivalent particle radius of T4 particles

can be estimated using the relation:

3rR = 7r r(-) 2 x 2000 (3.1)
3 2

which yields R, 700A.

Note that T4 requires magnesium ions (Mg+2 ) to remain stable in solutions.

3.3.2 Biological Activity Assay

Virus concentrations in solutions were determined using the biological activity assay.

The "biological activity" refers to the ability of the bacteriophage particles to infect,

destroy, and lyse the host bacterial cells, and is typically signaled by generation of

plaques. A 'plaque," which is a circular transparent spot developing in a dense

bacterial layer in a solid agar plate, is a colony of 107 - 109 bacteriophage particles

descended from a single parent virus. As such, a plaque represents one virus particle

originally implanted on the agar plate. Accordingly, this assaying method is based on

the assumption that all the virus particles are intact and healthy, so that the number

of virus particles exhibiting biological activity is equal to the number of virus particles

present in the solution.

The biological activity assay includes: (1) serial dilution of the solution, (2) mixing
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Figure 3-1: Structure of the bacteriophage T4 particle, based on an electron mi-
croscopy structural analysis with a resolution of 20 - 30A. Also shown in the figure
are the size of the capsid and the average size of the tail sheath (from Reference [65]).
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part of the final diluted solution with the host bacteria, agar, and nutrients, (3)

pouring this mixture on an agar plate and incubating the plate overnight at 30°C, and

(4) counting the plaques generated on the agar plate. See Section B.1 of Appendix B

for a detailed description of the procedures of the biological activity assay.

The purpose of the serial dilution is to ensure t at the number of plaques generated

in one plate is countable, typically in the range of 50 - 600 plaques/plate, depending

on the size of plaques and phage species. A serial dilution consists of conducting

a series of dilution steps on a given solution, with each dilution step being either

1:100 or 1:10 dilution. For example, in order to obtain a final 1:105 dilution of a

solution, two consecutive 1:100 dilution steps followed by one 1:10 dilution step need

to be performed on this specific solution. 0.1 mL of the final diluted solution is

then extracted to be incubated in an agar plate, and hence the number of plaques

generated in one plate represents the number of virus particles present in 0.1 mL of the

final diluted solution. Note that this serial dilution procedure enables the biological

activity assay method to provide the same accuracy and sensitivity in determining

the bacteriophage concentrations in different ranges, or even of different order of

magnitude, since serial dilution can systematically bring the virus concentrations

down to the range which is measurable by generating plaques in agar plates.

It is noteworthy, however, that the number of dilution steps required for obtaining

the appropriate number of countable plaques must be estimated before conducting

the serial dilution. Occasionally, one may run into a situation in which the number of

plaques generated from the solution in the final dilution step is either too high to be

accurately counted or too low to provide statistically-meaningful results. Accordingly,

it is often necessary to use more than one (usually two) diluted solutions obtained from

the series of dilution steps to generate the plaques. Typically, the two solutions are

chosen such that one is a 1:10 dilution of the other, and, hence, the numbers of plaques

generated from these two solutions should be different by one order of magnitude. If

one plate contains too many or too few plaques, then the other plate should contain

plaques whose total number can provide statistically-meaningful results.

The appropriate number of plaques which is usually generated in one plate depends
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on the size of one plaque, which varies with the virus species. In gereral, small viruses

tend to generate larger plaques since they diffuse at a faster rate. For example, when

incubated at the same temperature for the same timet, kX174 (Lhe smallest phage

examined) generates plaques which are mrch larger in size than those of T4 (the

largest phage examined). Consequently, the appropriate number of bX174 plaques in

one plate (about 40 - 200) is smaller than tLat of T4 plaques (about 70 - 600).

When implanting the virus and the host acteria on the agar plates, nutrients

need to be provided to keep the bacteria viable and healthy, but not to be consumed

directly by the viruses. This is crucial, since viruses only infect or lyse living cells.

The nutrients for bacteria are added in both the "hard agar"(which is poured in

the sterilized petri dish for making agar plate) and in the "soft agar" (which is

mixed with the virus and bacteria solutions and then poured on the agar plate for

incubation) (see steps 1 and 3 in Section B.A of Appendix B for more details). The

bacteria growing on the agar plates usually appear yellowish, opaque, and look like a

layer of yellow "lawn" on top of the agar. The purpose of usiag agar is to retard the

diffusional movement of the virus colonies in order to generate clearly visible plaques

on the opaque bacteria background. The virus concentration in the original (non-

diluted) solution can then be calculated accordi:lg to the counted number of plaques,

and the types and numbers of dilution steps conducted.

Usually, two or three sets of serial dilution were performed on one solution whose

virus concentration was to be determined in order to obtain a higher accuracy in

determining the virus concentration in that solution.

It is noteworthy that the typical error of the biological activity assay is in the

range of 20 - 30%. Therefore, counting results differing by about 10% are usually

considered as being the same. See Section B.2 of Appendix B for a discussion on

possible sources of error associated with the virus concentration determination.

3.3.3 Virus Stability Test

The virus stability test is essential to ensure an accurate determination of the virus

concentrations in the virus partitioning experiments. Results of the virus stability
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test provide useful information on how to conduct the virus partitioning experiments

in order to ensure the accuracy and reliability of the partitioning results.

The virus stability is related to the "friendliness" of the environment in which

the virus is placed, and can be quantified in terms of the variation of the virus

concentration with time in a given solution condition. For example, if the test reveals

that the virus concentration in the CloE4 solution decreases significantly with time

as compared to that in the stable condition, say, it decreases by a factor of 10 after

overnight incubation, this implies that this solution condition may be detrimental to

the virus. In this case, special precautions should be taken to ensure that the virus

remains viable and healthy in the given solution condition. For example, a "stabilizing

agent" for the virus, such as Mg+2 for P22 and T4, should be included in the surfactant

solution to ensure the stability and viability of the virus. On the other hand, if the

test reveals that the virus concentration remains steady for, say, 6 hours, and is

subsequently followed by a decrease with time, then all the experimental procedures

should be completed within the first 6-hour period. Therefore, prior to conducting

the virus partitioning experiments, the virus stability in the surfactant solution needs

to be examined.

The stability test was conducted by introducing the virus (P22, T4, or qX174) into

various solution conditions, including the Co0E4 solution in McIlvaine buffer, followed

by a determination of the virus concentration in each of the solution conditions after

certain time intervals. Results of the stability tests of P22, T4, and OX174 revealed

that the virus concentrations in all the solution conditions examined decreased after

overnight incubation. To be specific, the P22 concentrations in various solutions

conditions were found to be higher than one half of the initial P22 concentrations,

while those of T4 or X174 were found to be lower than one half of the initial T4

or X174 concentrations. It is noteworthy that this observed decay in the virus

concentrations by a factor of about 2 after overnight incubation is considered by

biologists to be a natural decay. In other words, the observed decay does not reflect

any significant damaging effect, and hence should not be viewed as being serious

(this was pointed out by Professor King). Moreover, it is expected that, since the
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given partitioi.±g result reflects a ratio of virus concentrations in the top and bottom

phases, the effect of the virus concentration decay rate should cancel out, tLus having

a mirnimal inflcence on the virus partitioning results.

The results of the stability tests also indicated that P22 possesses a somewtat

higher stability than T4 and X174. Consequently, the P22 partitioning experiments

were conducted overnight, with the biological activity assay for measuring P22 c-

centrations conducted on the next day. On the other hand, the time involved in te

T4 or qX174 partitioning experiments did not exceed 4 - 5 hours. See Appendix C

for a detailed description of the experimental procedures associated with the virus

stability tests, as well as for a discussion of the test results.

3.3.4 Coexistence Curve Measurement

The coexistence curve of the CloE4 aqueous micellar system in the presence of a bac-

teriophage was dete:mined using the cloud-point curve measurement. As described

in Section 2.2.2, the purpose of this measurement is to examine whether the presence

of a bacteriophage will affect the phase separation equilibrium of the micellar solu-

tion. The solutions were prepared as in Section 2.2.2.2, with a phage concentration of

about 108 phages/mL, which is similar to that used in the partitioning experiments

(see Section 3.3.5).

Figure 3-2 shows the experimentally measured coexistence (cloud-point) curves

of CloE4 surfactant solutions in pH 7 McIlvaine buffer without bacteriophage (0),

with P22 at a concentration of 108 phage/mI. (A), and with T4 at a concentration

of 2 x 108 phage/mL (). Similar to the protein case (see Figure 2-3), Figure 3-2

indicates that the presence of bacteriophages at the concentrations examined has a

negligible effect on the phase separation behavior of the CloE4 micellar solutions.
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Figure 3-2: Experimentally measured coexistence (cloud-point) curves of the C1oE4 -
buffer micellar system without bacteriophage (0), with P22 at a concentration of
10j8 phage/mL (A), and with T4 at a concentration of 2 x 108 phage/mL ().
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3.3.5 Partitioning Experiments

3.3.5.1 Experimental Procedures

The procedures for conducting the virus partitioning experiments are similar to those

for conducting the protein partitioning experiments, as described in Section 2.2.4.2.

Three solutions containing a known CloE4 concentration (chosen to yield approxi-

mately equal volumes of the two coexisting phases) and one bacteriophage species,

with a concentration of about 108 phages/mL, were prepared in pH 7 McIlvaine buffer.

They were subsequently placed in the water cell (see Figure 2-2) at a constant tem-

perature for an appropriate time period chosen to ensure that equilibrium was indeed

reached. Note that the time period depends on the stability of the phages, with the

results of the stability tests presented in Section C.3 of Appendix C providing use-

ful information on this issue. Specifically, an equilibration time period of about 8 -

14 hours was adopted for P22, and a 4-hour period was adopted for both X174 and

T4. Note that the time needed for the two coexisting micellar phases to appear is

usually less than one hour. Hence, phase separation equilibrium should be attainable

even within the 4-hour period.

The concentrations of virus particles in the two coexisting phases were determined

using the biological activity assay, as described in Section 3.3.2 and Section B.1 of

Appendix B. The virus partition coefficient, K,, which is defined as the ratio of the

virus concentration in the top phase, C,,t, to that in the bottom phase, C,,b, that is,

K = C,,t/C,,b, was calculated as a quantitative measure of the partitioning behavior

of the virus particles.

3.3.5.2 Partitioning Results

Figures 3-3, 3-4, and 3-5 show the experimentally measured virus partition coeffi-

cients, K,, drawn in a logarithmic scale, as a function of temperature (in the range

of 18.8 - 21.2°C) for the bacteriophages X174, P22, and T4, respectively, in the

two-phase ClOE4-buffer micellar system. As in the protein case, temperature is used

as the controlling factor of partitioning since an increase in temperature corresponds
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Figure 3-3: Experimentally measured partition coefficient, Kv, of the bacteriophage
&X174 (A) as a function of temperature in the two-phase Cl 0E4-buffer micellar sys-
tem. The experimentally measured partition coefficient of the protein ovalbumin (0)
is also shown for comparison purposes. Also shown are the predicted partition coeffi-
cients based on the assumption that CloE4 micelles are flexible, with a YKuhn length
of 100 ( ...--) or 150A (- - -), and that the micelles are rigid (with a Kuhn length
I -+ oo) (- - -), see the discussion in Section 3.4.3. The radius of a qX174 virus
particle is 125A.
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Figure 3-4: Experimentally measured partition coefficient, K,, of the bacteriophage
P22 () as a function of temperature in the two-phase CloE 4-buffer micellar system.
The notation is the same as that in Figure 3-3. The radius of a P22 virus particle is
300A.
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The dotted line is the predicted partition coefficient based on the assumption that
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Section 3.4.3. Note that T4 virus particles are rod-like, with an estimated equivalent
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to an increase in the difference in the surfactant concentrations of the two coexisting

phases in the two-phase aqueous CloE4 micellar system (see Figures 2-3 and 3-2).

Note also that the partitioning experiments reported in Figures 3-3, 3-4, and 3-5

were conducted at temperatures above the critical temperature, TC=18.81°C, indicat-

ing the onset of phase separation in the ClOE4-buffer micellar system, as discussed in

Section 2.2.4.3.

Figure 3-3 shows the partition coefficient, K,, of OX174, which is the smallest

virus particle studied in the partitioning experiments (R=125A). As in the protein

partitioning case, K, of qX174 decreases with increasing temperature, reaching a

value of about 10-3 at 21°C. Note that this K, value is about two orders of magni-

tude lower than that of ovalbumin (Rp=29A), which is also shown in Figure 3-3 for

comparison purposes. This clearly indicates that, as conjectured from the theoreti-

cal formulation (see Sections 2.3.1 and 2.3.2), much more extreme partitioning can

indeed be achieved in the case of virus particles which are much larger than typical

protein molecules.

In the P22 case (R 300A), as shown in Figure 3-4, the partition coefficient, K,

first decreases with increasing temperature, but then levels off and seems to remain

at a value of about 10- 3 as the temperature exceeds 190C. A closer examination

reveals that, for T >19°C, the K, values increase slightly with increasing temperature,

reaching a value of about 10-2 at 210C.

Figure 3-5 shows the partitioning behavior of T4, which is the largest virus particle

used in the partitioning experiments (with an equivalent R=700A). The variation

of K, with temperature exhibits a trend similar to that observed in the P22 case for

T >19°C. Specifically, K, exhibits a minimum value of 2 x 10- 3 at 18.90C and then

increases gradually to about 10-2 at 210C.

When comparing the partitioning behavior of these three bacteriophages at a given

temperature, specifically, for T <19°C, the virus partition coefficient, K,, exhibits the

expected trend of decreasing with increasing virus particle size, that is,

K,(X174) > K,(P22) > K,(T4) (3.2)
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which agrees qualitatively with the theoretical prediction based uii the assumption

that the interactions between micelles and virus particles are of the excluded-volume

type, as described in Section 2.3. On the other hand, fol T >1SC, v(X174) is

still larger than KV(P22) and K,(T4), but Kv(P22) and Kv(T4) are about equal, due

to the leveling off of the K,(P22) and K,(T4) values over this temperature range.

This "plateau" phenomenon observed in the partitioning behavior of the bigger virus

particles was not observed in the protein cases (see Section 2.2.4), and it is not

predicted by the excluded-volume theoretical ctes:ription presented in Section 2.3.1.

This suggests that other approaches may need to be considered in order to provide

a better description and further understandiirg of the partitioning behavior of large

virus particles. The following two approaches c(,rae to mind: (1) a modification of

the current excluded-volume theoretical formulation presented in Section 2.3, and (2)

a consideration of other factors, such as possible kinetic aspects of virus partitioning.

These two approaches are discussed in the next two sections.

3.4 Theoretical Description of the Virus

Partitioning Behavior

3.4.1 Introduction

The theoretical formulation for describing the virus partitioning behavior is a gener-

alization of that for describing the protein partitioning behavior (see Section 2.3.1)

aimed at incorporating the relative flexibility of the CloE4 micelles as "probed" by

the larger virus particles. As in the protein case, the central assumption is that

excluded-volume interactions between the nonionic CloE4 micelles and the virus par-

ticles dominate the observed partitioning behavior. Micellar flexibility is included in

the virus case because the virus particles are sufficiently large to "sense" the micellar

flexibility, while typical protein molecules are too small to do that. Indeed, in the

protein case (see the discussions in Section 1.3), a protein molecule is typically smaller

(14=20 - 60A) than the Kuhn length or persistence length of a CjoE4 or C8-lecithin
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cylindrical micelle ( 100A), and hence the micelle appears as a rigid and infinitely

long rod on the scale of the protein. As a result, the excluded volume between a

spherical protein and a CloE4 (or C8-lecithin) micelle can then be modeled as that

between a sphere and a rigid long rod, with the micellar flexibility not playing any

role. On the other hand, in the virus case, since the ize of a virus particle is compa-

rable (R,=100 - 1000A) to, or even greater, than the Kuhn or persistence length of

the micelle, the virus particle can "probe" the flexibility of the micelle. Consequently,

when modeling the excluded volume between a virus particle and a micelle, it appears

necessary to incorporate the flexibility of the micelles into the theoretical description.

In Section 2.3.1, based on the excluded-volume theory, the following expression

for the partition coefficient, K, was obtained:

K =-- (3.3)

where

n = exp(- N. U,p/ V) (3.4)
n

In Eq. (3.4), N, is the number of micelles of aggregation number n, Un,p is the ex-

cluded volume between a micelle of aggregation number n and a protein molecule, and

V is the volume of the phase (see Appendix A for a detailed derivation of Eqs. (3.3)

and (3.4)). Using the expression for Un,,p given in Eq. (2.7) in Eqs. (3.3) and (3.4),

the predicted partition coefficients of proteins were found to agree well with the ex-

perimentally measured partition coefficients (see Section 2.3.2 for details). As stated

above, in the virus case, the flexibility of the micelles should be accounted for in the

calculation of the excluded volume, U,,,, between a virus particle and a micelle of

aggregation number n. Accordingly, one envisions obtaining a new theoretical model,

which can be applied to a wider range of particle sizes and micellar flexibility.

Below, a brief derivation of the new theoretical model, which was developed in

collaboration with Dr. Leo Lue [66], is presented. This includes (1) a discussion

of the essential elements in the derivation of the new expression for the excluded

volume, U,,,, between a "big" spherical particle (virus particle) and a flexible micelle
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of aggregation number n, and (2) a comparison of the theoretically predicted virus

partition coefficients with the experimentally measured ones.

3.4.2 Derivation of the Excluded-Volume Theoretical Model

The system under consideration consists of the partitioned solutes (virus particles)

and the micelles, with the aqueous solvent treated as a continuum. It is assumed that

virus particles can be modeled as hard spheres with a radius R,. In addition, a flexible

micelle is treated as a freely-jointed chain with a contour length (overall length) L,

(where n denotes the aggregation number of the micelle) and a cross-sectional radius

Ro, consisting of N Kuhn segments, each of length I (that is, NI = L,) (see Figure 3-

6 (a) ), dispersed in solution at the -solvent conditions (see Section 2.3.1) [15, 57].

The excluded volume between these two entities can be shown to be the same as

that between an effective sphere of radius R = R, + Ro and an infinitely thin freely-

jointed chain consisting of N Kuhn segments, each of length I (see Figure 3-6 (b) )

[66]. Note that the Kuhn length, 1, and the persistence length, , are both length

scales characterizing the chain flexibility, with I = 2 (see Reference [32] for more

details on chain flexibility). Note also that this description of the system represents

a limiting case in which the excluded volume obtained is a minimum with respect

to the shape of the solute particles, which are assumed to be spherical. If the solute

particles are cylindrical or rod-like, the resulting excluded volume will be larger than

that obtained in the following derivation due to the additional rotational degrees of

freedom associated with the cylindrical solute particles.

When the solutes are protein molecules, since the flexibility of micelles is not so

significant, the excluded volume, U,p, is given in terms of Rp, Ro0, and L,, as in

Eq. (2.7), that is,

U.,p = 47r(Ro +Rp) /3 + r(Ro + Rp)2Ln

U,,p = 4rR 3/3 + rR2 Ln (3.5)

where R = Ro + Rp in Eq. (3.5). On the other hand, when partitioning larger virus
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(a)

Mi

(b)

R= R+ Rv

Figure 3-6: Models of a spherical virus particle and a flexible micelle for deriving the
excluded volume, U,,, between them.
(a) Illustration of modeling a virus particle and a micelle in a realistic way.
(b) Illustration of an alternative way of modeling the virus particle and the micelle,
which yields the same excluded volume, U,,v, as in (a).
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particles, the micellar flexibility, which is reflected in the Kuhn or persistence length,

may play an important role in the observed partitioning behavior. Consequently, the

Kuhn length (or persistence length) should be included in the theoretical modeling

of the excluded volume. In this case, the excluded volume, U,nv, is a function of three

length scales --- R = Ro + Rp, L,, and I - which are all interrelated.

In order to reduce the number of independent variables and simplify the expression

for U,,,, it is convenient to introduce two dimensionless variables associated with the

relevant length scales characterizing the system under consideration. Specifically,

x =N (3.6)

R
Y = R (3.7)

It is also convenient to define a dimensionless "scaled-excluded volume," U', as

U U. - R3 (3.8)
'rL,l 2

The term 4 rR3 in Eq. (3.8) represents the effective volume of the spherical solute

and does not depend on the flexibility of the micelles. Hence, by subtracting this

term from Un,, the scaled-excluded volume, U', can best reflect the effect of micellar

flexibility on the excluded-volume interactions with the solute particles. The purpose

of dividing by the term rL, l2 in Eq. (3.8) is to make U' dimensionless, since, from

Eq. (3.5), U,, - 4rR 3/3 = rR2L,, which is dimensionally equivalent to rL,l2. U',

as defined in Eq. (3.8), can thus simplify the derivation when the micellar flexibility

is taken into consideration.

First, let us examine the two extreme cases in which the micellar chain has either

no flexibility (totally rigid case) or infinite flexibility (totally flexible case) as "viewed"

by the spherical solute particles.

1. Totally Rigid Case

In this case, the chain is totally rigid and consists of at most only one Kuhn
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segment, that is, L, < I or x -+ 1. The excluded volume, Urigid, and the scaled-

excluded volume between a rigid cylinder and a hard sphere, Uigid, are given

by [67]

Urigid = rR3 + 7rR2 L, (3.9)
3

Ufigid = y2 (3.10)

It is noteworthy that, when the effective radius of the sphere, R, is much smaller

than the Kuhn length of the chain, 1, that is, when R < I or y - 0, the chain

will appear rigid to the sphere, and the excluded-volume expressions in this

case are also given by Eqs. (3.9) and (3.10). This is precisely tLc situation in

the protein-micelle case, and the Urigid expression given in Eq. (3.9) is therefore

exactly the same as that for U,,,p given in Eqs. (2.7) or (3.5).

2. Totally Flexible Case

In this case, the effective radius of the sphere, R, is much larger than the Ktutn

length of the chain, , that is, R > I or y -+ oo, and the number of Kuhn

segments on a chain is infinite, that is, L, > I or x - 0. 'Therefore, in this

limit, the chain can be treated as a Gaussian coil [57]. The exclhded volume,

Ugh, and the scaled-excluded volume, U9, between a sphere and a Gaussian coil

are given by [67]

2 ( 1/2 4
U9 = -rRLl + 4 R2 + 7rR3 (3.11)

3 3 3

UC = y + yoxy2 (3.12)

where ca = 4( 2 )1/2

In summary, the scaled-excluded volume in these two extreme cases is given by

U= Xas x 1 or y -- 013)
U' + 2 as x 0ady(3.13)

y + axy2, as x and y -+l
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Regarding cases which may lie between the two extreme cases discussed above,

that is, those in which 0 < x < 1 and 0 < y < oo, a Monte Carlo simulation was

conducted to calculate the corresponding excluded volume between a sphere and a

chain with finite flexibility. The basic idea behind this simulation is: (1) to randomly

generate several chain configurations, and (2) to determine the fraction of these chain

configurations which intersect the sphere. The simulation results indicate [66] that

both Uigid and U overestimate the actual scaled-excluded volume, U', over most of

the x and y ranges, except in certain limiting cases where U' is very close to either
U'iyi or U'
Urigid o C U

Using the simulation results, an approximate analytical expression was derived

for the scaled-excluded volume, U'. Specifically [66],

U(, ) ao + ax (3.14)
1 U a2x

where a0, al, and a2 are functions of y and are given by

y2
ao 1 + 3y2 (3.15)

1 + 3y/2

a1=Y (1 f~y\21 (3.16)al -1 2 3[2a - 1 + (3a - 1)3y + -132 (3.16)

a2 = (2a - 1) + (a - 1)3y/2 3.17
1 + 3y/2

The actual excluded volume, U, can then be calculated by using Eqs. (3.14) - (3.17)

in Eq. (3.8). This yields

U(R, 1, L.) = 7rLn12U'(N-1/ 2 , R/1) + 47rR3 (3.18)
3

In principle, by using Eqs. (3.18) and (3.13) to replace U.,p in Eq. (3.4), with

the micellar size distribution, {N.}, the contour length, L, and the micellar num-

ber density, p, = NIV, calculated from the surfactant concentrations in the two
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coexisting phaseo 27, 55], followed by summing up the contributions from micelles

of various aggregation numbers n, the partition coefficient of the virus particles, K,,

can be calculated from Eq. (3.3).

3.4.3 Calculation of Virus Partition Coefficients and

Comparison with Experimental Results

In the calculation of the virus partition coefficient, K,, using the theoretical model

presented in Section 3.4.2, the cross-sectional radius of a CloE4 micelle is taken to

be Ro=21A (see Section 2.3.2), and the radii of the virus particles are R,=125, 300,

and 700A for the bacteriophages 4X174, P22, and T4, respectively (see Section 3.3.1).

The number density of micelles of aggregation number n, pn = N/IV, and the contour

length of such micelles, L,, are calculated from the surfactant concentrations in the

two coexisting phases a -cording to the molecular-thermodynamic approach described

in Section 1.2.2 [27]. The contour length, L,, of CloE4 micelles is typically 1000's

of A. The Kuhn segment length of a CloE4 micelle is not available in the literature.

However, in the C12E6 micellar system, which is similar in many respects to the CloE4

micellar system, the Kuhn length was estimated [35] to be about 100 - 150A in the

temperature range (TC-10°C) - T,, with T, ~ 50°C. In view of this, a similar Kuhn

length value was adopted in the C1oE4 case. Additional evidence substantiating the

use of these Kuhn length values for CloE4 micelles will be presented in Chapter 5. The

contributions of CloE4 micelles of various aggregation numbers n are then summed

up in Eq. (3.4) in order to calculate the virus partition coefficient, K,, using Eq. (3.3).

Figures 3-3, 3-4, and 3-5 presented earlier show the predicted and the experimen-

tally measured virus partition coefficients of q¶X174, P22, and T4 in the two-phase

CloE 4-buffer system, respectively. In Figures 3-3 and 3-4, the predicted partition

coefficient, K,, is calculated for various Kuhn length values, , of a CloE4 micelle,

including: (1) 1=100 (--..), (2) 1=150i (---), and (3) 1 - oo (rigid cylinder)

(- - -). Note that curve (3) corresponds to that used previously to describe the

picotein partitioning case (see Section 2.3.1). In Figure 3-5, only the predicted par-
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tition coefficient, KV,, corresponding to a Kuhn length, 1=100A (...), is shown. An

examination of Figures 3-3 and 3-4 reveals that, for a given virus particle at the same

temperature, the predicted partition coefficients, K,,, follow the trend:

Kv,rigid < K,=150 < K=10 < 1 (3.19)
v,1=150A v,l=100A

Equation (3.19) indicates that, depending on the micellar flexibility, as reflected in

the value of the Kuhn length, , the new theoretical model predicts a weaker par-

titioning of the solute particles as compared to the previous model, which assumed

rigid micelles. This is expected, since the introduction of micellar flexibility should

decrease the excluded-volume interactions between the solute particles and the mi-

celles. Equation (3.19) also indicates that, as the micelles become more flexible, as

reflected in a lower I value, the predicted partition coefficients, K,,, attain values

closer to unity, indicating a more even partitioning.

When comparing the predicted virus partition coefficients with those measured

experimentally, it appears that the inclusion of micellar flexibility in the new theoret-

ical formulation does not always improve the accuracy of the theoretical predictions.

For example, for X174 (see Figure 3-3), which is a spherical virus with a radius of

125A, the predicted Krigid exhibits a trend similar to that observed experimentally,

and agrees well with the experimental K, values in the temperature range 18.8°C

< T < 19.3°C. Beyond T=19.3°C, the Kv,rigid values are over-predicted (lower) as

compared to the experimental Kv values. On the other hand, inclusion of micellar

flexibility, as reflected in the predicted values of K l and K 1 5 results in an
v,1=100A v,/=150A

under-prediction of the partition coefficient, thus suggesting an under-estimation of

the excluded-volume effects in the bX174 case.

In the case of P22, which is also spherical with a radius of 300A, the predicted

Krigid values agree with the experimental ones only for T <19.0 °C (see Figure 3-4).

Inclusion of micellar flexibility, as reflected in the predicted K ,=oo. and K o
vl=lOOA v,/=150A

values, extends the temperature range of agreement to about 19.30C. However, as

shown in Figure 3-4, the experimentally measured P22 partition coefficients reach
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a seemingly cunstant, "plateau" value beyond T >19°C, a feature which cannot be

reproduced in the context of the excluded-volume theory developed so far. It is

pos;ible thaw other mechanisms, not accounted for in the theory, may also play a role

and lead to the observed "plateau" region.

As in the case of T4, which is rod-like and has an estimated radius of '7001A,

Figure 3-5 shows that the trend of the experimentally observed partition coefficients

is similar to that in the "plateau" region in Figure 3-4 and, in addition, exhibit a

mild increasing trend with increasing temperature, which is contrary to that predict Ed

according to the excluded-volume interactions. Moreover, the predicted partition

coefficients, Kv,rigid, K , =150A' and K l= are all many orders of magnitude lower

than the experimentally measured Kv and hence over-estimate the T4 partitionr.g

behavior. In fact, the values of the predicted partition coefficients for T4 are so

low that only K o can be plotted in Figure 3-5. This indicates that the current
1=100A

theory, which is based solely on excluded-volume interactions, is unable to describe

the experimentally observed T4 partitioning behavior.

In rigure 3-7, the experimentally measured partition coefficients at 20°C are plot-

ted as a function of the particle radius, Rp or R,, of the three proteins-cytochrome c,

ovalbumin, and catalase- and the three bacteriophages-X174, P22, and T4, aloig

with a comparison with the predicted partition coefficients. As can be seen, the agree-

ment between the experimental and predicted partition coefficients is reasonably goc d

for the smaller particles, particularly in the protein cases. In addition, the difference

between the predicted partition coefficients based on the different micellar flexibility

(I=100A, 150oA, and oo) are not pronounced for the smaller particles, indicating, as

expected, that micellar flexibility is not essential in describing the excluded-volume

interactions when the solute particles are small. However, as the particle size in-

creases, the predicted partition coefficients begin to deviate from the experimental

data. In particular, there seems to be a "trxeshold" radius (of about 150 - 200A)

beyond which the partitioning behavior of the solute particles can no longer be de-

scribed by the excluded-volume theoretical formulation developed here, regardless of

the extent of micellar flexibility. This phenomenon requires further examination and
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Figure 3-7: Experimentally measured partition coefficients, K, as a function of the
particle radius, Rp or R, in the two-phase C10E4-buffer micellar system at 20°C. The
various symbols represent proteins and bacteriophages: (A) cytochrome c, Rp=19A,
(0) ovalbumin, Rp=29A, () catalase, Rp=52A, (A) X174, R,=125A, () P22,
R,=300A, and () T4, R,=700A,. Also shown are the predicted partition coefficients
based on the assumption that the CloE4 micelles are flexible and have a Kuhn length
of 100o (-..), 150A (- - -), or that the micelles are rigid ( - oo) (- - -).
The arrow indicates half of the average mesh size, m/2=115k, as estimated from
Eq. (3.21).
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investigation.

3.4.4 Discussion of the Deviations Between the Predicted

and Experimentally Measured Partition Coefficients

The deviations of the excluded-volume predictions from the experimentally observed

partitioning behavior, as presented in the previous section, suggests that inclusion of

other mechanisms is needed to explain the observed virus partitioning behavior. The

following reasons come to mind in attempting to rationalize the observed deviations:

1. The observed partitioning behavior may not reflect a true thermodynamic equi-

librium state, but, instead, may be kinetically driven, since the theoretical pre-

dictions are based on the assumption of true thermodynamic equilibrium.

2. The virus particles may have specific interactions with the micelles or surfactant

molecules, with these not being explicitly accounted for in the excluded-volume

theoretical formulation.

One could argue that reason 2 is not likely to be the major cause of the observed

deviations, when the likelihood of interactions other than those of the excluded-

volume type are examined more closely. First, since the CloE4 surfactant is nonionic,

electrostatic interactions between the virus particles and the CloE4 micelles or the

CloE4 monomers should be negligible. Second, hydrophobic interactions between the

CloE4 micelles and the virus particles are also unlikely. As mentioned in Sections 3.2.2

and 3.3.1, the virus particles examined are all composed of protein capsids and do not

possess phospholipid envelops. Moreover, the protein molecules composing the capsids

do not degrade, disentangle, or expose their hydrophobic moieties easily. Accordingly,

the virus particles should be quite "inert," thus displaying very little surface activity.

As a result, the ability of virus particles to interact with the hydrophobic cores of

the CloE4 micelles should be very limited. It appears, therefore, that reason 2 is not

very plausible, and, hence, that reason 1 should be pursued and investigated further.

A preliminary examination of reason 1 is presented in the next section.
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3.5 Preliminary Study on Kinetic Aspects of

Partitioning

3.5.1 Evidence of Possible Kinetic Effects

The observed deviations between the theoretical virus partitioning results and the

experimental ones may be due to kinetic effects associated with the structure of the

top C1oE 4 micelle-rich phase. Dynamic light scattering measurements seem to in-

dicate that the CoE 4 micelles present in the top micelle-rich phase may grow into

elongated cylindrical structures capable of forming a transient mesh or net of inter-

penetrating micelles (see Chapter 5 for details). The mesh size of this net decreases

with increasing surfactant concentration and, therefore, with increasing temperature

(see the right branch of the temperature versus CloE4 concentration phase diagram

in Figure 2-3).

Recent work by Abbott et al. on polymer-protein interactions [22] seems to indi-

cate that the diffusion of "big" protein molecules (with radii in the range of 30 - 50A)

through a membrane (having sufficiently large pore sizes, -300A, to allow passage of

proteins while preventing passage of polymers) into a concentrated PEO solution, in

which the PEO molecules entangled and formed a mesh, did not attain equilibrium

within the time frame of observation (3-7 days) or before the proteins degraded. This,

however, does not happen with relatively small proteins (with radii of about 20A),

and equilibrium of the smaller proteins can be reliably and repeatedly obtained. This

suggests that the kinetics involving particle diffusion through the polymer mesh may

be strongly dependent on the relative sizes of the polymer mesh and the diffusing par-

ticles, with bigger particles taking longer time to diffuse into the mesh. It is tempting

to speculate that an analogy may exist between the polymer mesh and the transient

micellar mesh present in the top micelle-rich phase, particularly with respect to the

diffusion of the large virus particles. From this perspective, true virus partitioning

equilibrium may not have been attained within the time frame of the partitioning

experiments conducted so far (4-14 hours).
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The value of the micellar mesh size can be estimated using geometric arguments

[7]. This argument assumes that micelles form a simple cubic net. By assuming that

the size of the cube is Em, and that each of the twelve edges of the cube contributes

effectively 1/4 of a column with a cross-sectional radius Ro, the volume fraction of

surfactant in each cubic cell should be equal to the volume fraction of surfactaat in

the solution, . That is,

1 3
= 12 x 4rRgom/~m

4

= 37rP(m/ 3 (3. 0)

The micellar mesh size, m, can then be derived as

3 RmX( )1/2Ro (3.21)

In the two-phase aqueous CloE4 micellar system, the (m values in the concentrated

phase have been estimated using Eq. (3.21) as a function of temperature and are

tabulated in Table 3.1. The CloE4 mesh size, ranging from 310A at 19°C to 200A at

21°C, is comparable to, or smaller than, the diameters of the viruses examined. In

particular, at 200C, (m F.230A and (m/2 z115A, which, as shown by the arrow in

Figure 3-7, appears to correspond to a threshold size beyond which the thecretical

predictions begin to deviate from the experimental observations. This indeed suggests

that kinetic effects associated with the diffusion of large virus particles th.-ough the

mesh-like structure in the concentrated micellar phase may play a role in the observed

virus partitioning behavior.

To contrast this with the protein partitioning case, since protein molecules are rel-

atively small (with radii of 20 - 60A) as compared to: (1) the micellar contour length

(1000's of A), or (2) the micellar mesh size (about 200-300A), the protein molecules

cannot "see" or "sense" the change in the C1oZ4 micellar solution structure with

increasing temperature. Instead, they "see" CloE4 micelles as rigid cylindrical struc-

tures under all conditions. Consequently, the protein partitioning behavior should be
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Table 3.1: Estimated micellar mesh size, m,, in the concentrated phase of the two-
phase aqueous CloE4 micellar system.

Temperature Volume Fraction in the Mesh Size, (m

(°C) Concentrated Phase, b (A)
18.9 0.0377 332
19.0 0.0439 308
19.5 0.0624 258
20.0 0.0790 229
20.5 0.0916 213
21.0 0.1052 199

minimally affected by kinetic effects of the type described above. Indeed, the experi-

mental observations (not reported here) indicate that the protein partition coefficients

obtained after 2, 6, and 8 hours of partitioning in two-phase aqueous micellar systems

are essentially the same (see also Section 3.5.3 and Figure 3-8).

Although kinetic effects may provide a reasonable explanation for the observed

protein and virus partitioning behavior, additional work is needed in order to further

elucidate and investigate the influence of these kinetic effects. Some preliminary

experimental studies in this direction are described next.

3.5.2 Experimental Methods

Two model systems were chosen for examining possible kinetic effects of the parti-

tioning behavior: (1) the hydrophilic protein ovalbumin, and (2) the bacteriophage

P22, each partitioning in the two-phase aqueous CloE4 micellar system. This was

done in order to compare and contrast the kinetic aspects associated with the parti-

tioning behavior of these two biomolecules which possess very different sizes. All the

experiments were conducted at 20.0°C.

Two types of partitioning experiments were conducted:

* Partitioning for different time periods, with the solutions prepared in the regular

way, as described in Sections 2.2.4.2 and 3.3.5.1. This experiment was aimed at

examining the possible dependence of the partition coefficients on partitioning
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time.

* Injection of concentrated solutions of a partitioned entity (either ovalbumin or

P22) into one of the two coexisting micellar phases after phase separation had

already been established. The aim here was to gain smie understanding on the

mechanism of partitioning.

The following detailed procedures were adopted:

1. Partitioning in solutions prepared in the regular way for different time periods

A set of two or three C1oE 4 solutions, containing either ovalbumin or P22, was

prepared in pH 7 McIlvaine buffer, as described in Sections 2.2.4.2 and 3.3.5.1.

The ovalbumin and P22 concentrations were 0.5 g/L and 3 x 108 particles/mL

respectively. The surfactant concentration in each solution was 3.96 wt% in

order to generate two coexisting phases of equal volume at 20.0°C. These so-

lutions were then placed in the water cell (see Figure 2-2) already adjusted to

20°C to initiate phase separation. Each set of solutions was kept at this tem-

perature for different time periods, ranging from 18 hours (overnight) to 3 days

for ovalbumin partitioning, and from 5 hours to 2 weeks (14 days) for P22 par-

titioning. The two coexisting phases were then withdravn, and the ovalbumin

(or P22) concentration in each of the phase solutions was determined using the

UV/visible absorbance method, as described in Section 2.2.3 (or the biological

activity assay, as described in Sections 3.3.2 and B.1). Mass balance calcu-

lations were then conducted to examine whether there was loss of ovalbumin

molecules or P22 particles before and after partitioning.

2. Injection of concentrated solutions of a partitioned entity into one of the

already-formed micellar phases

A set of two or three C1nE4 solutions in pH 7 McIlvaine buffer, but containing no

ovalbumin or P22, was prepared. Each solution had a volume of about 2.4 mL,

and the surfactant concentration in each solution was also 3.96 wt% in order to

generate two coexisting phases of equal volume at 20.0°C. These solutions were
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then placed in the water cell (see Figure 2-2) adjusted to 20.0°C to initiate phase

separation. Usually, at this temperature, the two coexisting phases formed and

appeared in about 30 minutes. After the solutions were kept in the cell for

1.5 - 2 hours, a concentrated ovalbumin or P22 solution was injected in situ

into one of the two coexisting phases using a 50-mL microsyringe while the

phase solutions were kept in the water cell at 20.0°C. The concentration of the

concentrated ovalbumin (or P22) solution and the amount of the concentrated

solution injected were monitored such that, after injection, the final overall

solute concentration in the solutions was about 0.5 g/L for ovalbumin or 3 x 108

particles/mL for P22, the same as those used when solutions were prepared in

the regular way, as described in 1 above.

In the case of ovalbumin, a concentrated ovalbumin solution with 15 g/L was

prepared in pH 7 McIlvaine buffer, and 80 LL of it was injected into one of the

two coexisting phases. In the case of P22, the concentrated P22 solution with

a concentration of about 3 x 1010 particles/mL was prepared in pH 7 McIlvaine

buffer, and 24/sL of it was injected into one of the two coexisting phases.

The injection was performed slowly and carefully in order to ensure that oval-

bumin or P22 was placed exclusively in one of the two phases, and that no

disturbance of the two phases was caused by the injection. Details of the injec-

tion procedure are described below:

When injecting into the top phase:

The needle of the microsyringe was inserted into the top phase. The con-

centrated solution therein was injected very slowly and, at the same time,

mixed thoroughly with the top phase solution using the needle of the sy-

ringe. The purpose was to avoid droplets of the injected solution (essen-

tially aqueous) from forming in the top phase, since these droplets fell

down quickly into the bottom phase due to their density being higher than

that of the top micelle-rich phase. As a result of mixing, the top phase

looked turbid after injection.
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When injecting into thec bottom phase:

Before inserting the needle into the solution, some air was taken into the

microsyringe in order to have a portion of air in front of the injected solu-

tic r in the microsyringe. The needle of the microsyringe was then inserted

slcw ly to the very bottom of the bottom phase. Since the needle had to go

thri mgh the top phase to reach the bottom phase, some components of the

top-paase solution could stick on the needle and could be brought down to

the bottom phase by the needle. By injecting air bubbles from the microsy-

ringe, these top-phase components can be "knocked out" from the needle

and lifted back to the top phase region. Injection of the concentrated

solution was not performed until all the phase components had stopped

moving around, and the presence of the needle did not seem to perturb

the appearance of the two coexisting phases. Injection of the P22 solution

was then performed slowly, with the needle fixed at the very bottom of

the solution. After injection of the solution was completed, the needle was

withdrawn slowly from the solution in order to avoid disturbing the two

phases.

In general, the time spent on injection into one solution was about 10 minutes.

After tne needle of the microsyringe was withdrawn from the solution, the test

tubes containing solutions were sealed, and the solutions were kept in the water

cell overnight (about 18 hours) before withdrawal of the phase solutions for

concentration analysis.

3.5.3 Results and Discussion

Figure 3-8 shows the experimentally measured partition coefficients of ovalbumin at

20.0°C as a function of partitioning time. Three cases were examined: (1) partitioning

for different time periods with the solution prepared in the regular way (0) (denoted

as Kregui,,,ar), (2) injection into the top phase (A) (denoted as Kto), and (3) injection

into the bottom phase () (denoted as Kbot). Figure 3-9 shows the experimentally
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Figure 3-8: Experimentally measured partition coefficient of the protein ovalbumin,
K(Oval), as a function of partitioning time in the two-phase aqueous CloE4 micellar
system at 20.0°C. The various symbols represent three different experimental condi-
tions: (1) partitioning for various time periods, with the solutions prepared in the
regular way, Kregular (0), (2) injection of the concentrated ovalbumin solution into
the top phase, Ktop (A), and (3) injection of the concentrated ovalbumin solution
into the bottom phase, Kbot (). The dashed line with a K(Oval) value of unity is
shown for reference purposes.
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Figure 3-9: Experimentally measured partition coefficient of the bacteriophage P22,
K(P22), as a function of partitioning time in the two-phase aqueous CloE4 micellar
system at 20.0°C. The notation is the same as that in Figure 3-8.

119

C

I I I I 
I



measured partition coefficients of P22 at 20.0°C as a function of partitioning time,

using the same notation as that used in Figure 3-8. In these two figures, the number

of symbols at a given partitioning time represents the number of partitioning samples

examined.

It is noteworthy that the injection experiments were found to be sensitive to many

factors or artifacts, including gravity and the location in a given phase at which the

injection was done. With this in mind, the results shown in Figures 3-8 and 3-9 should

be qualitatively reliable for deducing information about the possible kinetic aspects

of the partitioning phenomenon. A more detailed examination and comparison of the

results shown in Figures 3-8 and 3-9 is presented below:

* Comparison between Kreular (Oval) and Kreguiar(P22)

An examination of Figure 3-8 indicates that Kregular(Oval) remains essentially

constant as a function of the partitioning time during 1 to 3 days. This agrees

with the earlier findings that the protein partition coefficients do not vary with

the partitioning time (see Section 3.5.1). In the case of P22, Figure 3-9 shows

that Kregular(P22) initially decreases with increasing partitioning time, but ap-

pears to gradually reach a constant value ( 6 x 10 - 4 ) after partitioning for 7

days and remains at this value after partitioning for 14 days. In view of this

trend, it does not seem likely that Kregular(P22) will continue to decrease by

orders of magnitude as the partitioning time is increased further. One can con-

clude that the P22 partitioning behavior reaches the final K value (6 x 10 - 4 ) at

a rate which is much slower than that of ovalbumin partitioning (7 days versus

a few hours). However, it should be noted that the mass balance calculation

revealed a loss of P22 particles (about 20 - 40%) after partitioning for 7 days

or more. Accordingly, the observed reduction in Kregular(P22) with increasing

partitioning time may also have resulted from the loss of P22 particles during

partitioning, and, therefore, the final Kregular(P22) value of 6 x 10 - 4 may not

represent the true thermodynamic equilibrium condition.
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o Comparison between Kreguiar and Ktop, Kbot

Both Figures 3-8 and 3-9 indicate that Ktop > Kregular > Kbot after overnight

partitioning for both ovalbumin and P22. This inequality may reflect the

difference in the transport patterns associated with each expe::iaental condi-

tion examined. In obtaining Ktop or Kbot, the partitioned solutes (ovalbumin

molecules or P22 particles) were injected into one of the two coexisting and

pre-equilibrated phases, and partitioning was achieved solely by diffusion of the

solute particles within the macroscopic phases and through the interface sep-

arating the two phases. On the other hand, in obtaining Kreuilar. the solute

existed in the solutions prior to the onset of phase separation. After phase sep-

aration was initiated (for example, by placing the solutions at 20.0OC), micro-

scopic domains of phase components began to emerge, and the solute particles

could more easily diffuse and be exchanged through the boundaries of these

smill phase domains, with the total interfacial area being much larger than

that between the two coexisting macroscopic phases. In addition, the convec-

tive movement of the microscopic phase domains to form the two macroscopic

phases, induced by the density difference, helped transport the solute particles

as well, hence reducing the time required to reach the final partitioning condi-

tion. This process is apparently more efficient than diffusion between the two

macroscopic phases.

The above discussions also suggest that Ktop and Kbot may eventually converge

to Kr,eguar if the allowed partitioning time is sufficiently loLg. Additional ex-

perimental work involving partitioning for times longer than one day is required

to further elucidate this issue.

* Comparison of the partitioning behavior of ovalbumin and P22

It is interesting to compare he partitioning behavior of ovalbumin and P22

through their Ktop and Kbot values. An interesting feature is that Ktop(Oval) >

1 but Ktop(P22) < 1 after overnight partitioning, suggesting that the bigger

solute particles (P22) come out of the top micelle-rich phase faster than the
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smaller particles (ovalbumin). This has a strong similarity to size-exclusion

chromatography, in which the smaller particles take longer to come out of the

chromatographic column since they can permeate into the small meshes and

hence travel by longer routes through the column. This would also be consistent

with the notion advanced in this thesis that the interactions between micelles

and ovalbumin molecules, or between micelles and P22 particles, are essentially

of the excluded-volume type.

3.5.4 Qualitative Rationalization of Kinetic Effects on the

Partitioning Phenomenon

From the results and discussion presented in the previous section, the following pic-

ture can be advanced to rationalize the virus partitioning behavior from a kinetic

perspective. Specifically, the interplay between (1) the attainment of phase separa-

tion equilibrium of the two-phase aqueous micellar system, and (2) the attainment of

partitioning equilibrium of the partitioned solutes in the two-phase aqueous micellar

system, is examined below.

In the partitioning experiments conducted in this thesis, phase separation in a

micellar system is initiated by changing the solution temperature, and small domains

of the two phases begin to appear and move in opposite directions to form the two

coexisting macroscopic phases due to density differences, with the partitioning of the

solute particles proceeding at the same time. The observed partitioning behavior is

primarily driven by the interactions between micelles and solute particles, which are

essentially of the excluded-volume type in the cases examined. In principle, these

interactions force the bigger partitioned entities (such as P22 virus particles) to be

"kicked out" of the top micelle-rich phase domains more extremely than the smaller

solutes (such as ovalbumin protein molecules), thus resulting in more uneven and

extreme partitioning of the bigger solute particles. In addition, transport of the solute

particles is attained via two mechanisms: (1) diffusion of solute particles within the

phase domains, and (2) convective motion of microscopic phase domains to form
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macroscopic phases.

The influence of these two mechanisms is discussed below:

· Diffusion of solute particles within the phase domains

As mentioned earlier, the direction in which rhte solute particles are transported

between the two coexisting phases (either microscopic or macroscopic) is driven

by interactions between micelles and solute particles, which are primarily of

the excluded-volume type in the cases exaniied so far. However, the solute

particles have to travel within the (micelle-rich) phase domains via diffusion

to reach the phase boundaries, where they can be exchanged between phase

domains in order to reach partitioning eqilibrium. According to the Stokes-

Einstein relation [68]:

D = kT (3.22)
67rwhere D and are te diffusion coe,,icient and the hydrodynamic length of the

where D and ~a are the diffusion coefficient and the hydrodynamic length of the

solute particles respectively, qr is the viscosity of the solvent, kB is the Boltz-

mann constant, and T is the absolute temperature. Equation (3.22) suggests

that solute particles with bigger sizes have smaller diffusion coefficients and

hence move more slowly than the smaller oneE. Specifically, when comparing

P22 (=300A) with ovalbumin (Rp=29A), the diffusion coefficient of P22 par-

ticles should be (300/29)-10 times smaller than that of ovalbumin at the same

temperature and solvent viscosity. In other words, P22 particles need to spend

much longer time than ovalbumin molecules to travel the same distance in a

medium. Furthermore, in a more viscous medium, such as the top micelle-rich

phase, the diffusivity of the solute particles will be further reduced, and the

movement of the bigger solute particles will be further retarded. Consequently,

the time needed for the bigger solute particles to reach partitioning equilibrium

between he phase domains is expected to be longer than that for smaller so-

lute particles between the same phase domains. This, therefore, results in a

transport limitation by this diffusion process.
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a Convective motion of microscopic phase domains

The microscopic domains can carry solute particles and bring these particles

nuto the final macroscopic phases at a faster rate than that related to transport

via diffusion only. Another important effect associated with the oavection of

the phase domains is the entrainment of the solute particles. The enltrainment

occurs in such a way that solute particles may be dragged along by te micelle-

rich phase domains, ending up in the final micelle-rich phase. Alto rnatively,

domains of the micelle-poor phase, having a solute concentration higher than

that of the micelle-rich phase (due to excluded-volume interactions), may be

entrapped between moving micelle-rich phase domains and end up being incor-

porated into the final macroscopic micelle-rich phase. This entrainent effect

should occur in both directions, with the micelle-rich phase domains being car-

ried into the micelle-poor phase as well, thus resulting in more even partitioning

than expected.

The entrainment effect is expected to be more pronounced when the equilibrium

solute concentrations in the two coexisting phases are very different. For exam-

ple, in the virus partitioning case, the virus concentrations in the two coexisting

phases were found to differ by orders of magnitude, and hence the entrainment

of a micelle-poor phase domain, which is much more concentrated in virus than

the micelle-rich phase, will make the concentration in the final macroscopic

micelle-rich phase much higher, thus resulting in more even partitioning than

that predicted theoretically. On the other hand, in the protein partitioning

case, since the equilibrium protein concentrations in the two coexisting phases

are essentially of the same order of magnitude, the entrainment of the phase

components will not have a significant influence on the final partitioning result.

It is also interesting to examine the combined effect of the two mechanisms dis-

cussed above on solute partitioning during the attainment of phase separation equi-

librium. Since the convective motion of phase domains can only take place for a

limited time, that is, during the formation of the macroscopic phases, it follows that,
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once the macroscopic phases form, the convective motion must cease. For example,

in the C1oE4 micellar system, as the temperature increases, the difference in the sur-

factant concentrations, as well as the difference in the densities, of the two coexisting

phases becomes more pronounced. As a result, the microscopic phase domains move

faster,and it takes shorter time to form the final macroscopic phases. Accordingly, the

time available for the small phase domains to be in contact with each other, as well

as the time available for the solute particles to be transported via diffusion between

the small phase domains, are concomitantly shorter. In addition, the viscosity of the

micelle-rich phase increases with increasing surfactant concentration, and hence, with

temperature, which provides additional hindrance to the diffusion of the bigger solute

particles. Consequently, in the CloE4 micellar system, at higher temperatures, the

ability of bigger solute particles to attain partitioning equilibrium during the attain-

ment of phase separation equilibrium of the micellar system is reduced, which may

result in more even partitioning than that predicted theoretically. This, in turn, may

explain the "plateau" region and the slightly increasing trend of Kv with temperature

for the bigger virus particles, P22 and T4, as shown in Figures 3-4 and 3-5.

In the case of protein molecules, since they are typically about ten times smaller

in size than virus particles, they can diffuse ten times faster than the virus particles,

according to the Stokes-Einstein relation (see Eq. (3.22) ). Therefore, their transport

is not so limited by the diffusion process as in the virus partitioning case, and kinetic

effects of the type described above are not expected to be pronounced in the protein

partitioning case. It is therefore possible to reach partitioning equilibrium of pro-

tein molecules during the attainment of phase separation equilibrium of the micellar

system, and the experimental partitioning results can thus reflect a true thermody-

namic equilibrium condition. This may help explain the reasonably good agreement

found between the experimentally observed and theoretically predicted partitioning

behavior, as presented in Section 2.3.2.

The above qualitative rationalization based on kinetic aspects associated with the

partitioning phenomenon provides some basis to explain the observed partitioning

trend of the bigger virus particles. If this rationalization is correct, it indicates that the
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observed P22 and T4 partitioning behavior is actually complicated by kinetic effects.

This rationalization also suggests that, in partitioning experiments, reaching phase

separation equilibrium of the phase-forming entities (micelles or polymers) may not

be equivalent to reaching partitioning equilibrium of the partitioned solutes (proteins

or viruses), particularly when the solute particles possess large sizes. More work,

however, is needed to justify the qualitative rationalization presented above. Some

ideas about the experiments which may be helpful to further clarify this issue are

discussed in Section 6.2.5.

3.6 Conclusions

This chapter presented an investigation on the partitioning behavior of bacteriophages

in the two-phase aqueous CloE4 micellar system, including the experimental obser-

vations, theoretical formulation, and a preliminary study on kinetic aspects of the

partitioning phenomenon. A summary of the central results follows:

* The experimentally measured partition coefficients of bacteriophages in the two-

phase aqueous CloE4 micellar system were found to be of order 10 - 3 , reflecting

a much more extreme partitioning than in the case of protein molecules. A

monotonic decrease of the partition coefficient with increasing temperature was

only observed in the case of the smaller virus particles, such as OX174. For the

larger virus particles, such as P22 and T4, their partition coefficients reached

a minimum value (~ 10- 3) at a certain threshold temperature and remain at

approximately this value at all higher temperatures examined, as shown in

Figures 3-4 and 3-5.

* The theoretical formulation based on excluded-volume interactions was modified

to include micellar flexibility which can be "sensed" by larger solute particles,

such as viruses. However, the predictions based on the new theoretical formu-

lation were unable to reproduce the experimentally observed virus partitioning

behavior, particularly in the case of the larger virus particles, such as P22 and
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T4, for which a "plateau" region was obseived beyond a threshold temperature

(see Figures 3-4 and 3-5).

* A preliminary studs on kinetic aspects of partitioning was conducted to shed

light on the observed deviations between Kv,e,,pt and Kv,theo, as well as to help

explain the "plateau" phenomenon in the K,, versus temperature plots of P22

and T4, as shown i Figures 3-4 and 3-5. A qualitative rationalization was

presented in which the observed partitioning behavior ofaller than that of oval-

bumin at the same temperature and solvent viscosity. In other words, P22

particles need to spend much longer time than ovalbumin molecules to travel

the same distance in a medium. Furthermore, in a more viscous medium, such

as the top micelle-rich phase, the diffusivity of the solute particles will be fur-

ther reduced, and th movement of the bigger solute particles will be further

retarded. Consequently, the time needed for the bigger solute particles to reach

partitioning equilibrium between the phase domains is expected to be longer

than that for smaller solute particles between the same phase domains. This,

therefore, results in a transport limitation by this diffusion process.
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Chapter 4

Utilization of Two-Phase Aqlleous

Micellar Systems as a Practical

Separation or Concentration

Method

4.1 Introduction and Motivation

Based on the studies and results reported in Chapters 1, 2, and 3, tTo-phase aqueous

micellar systems can potentially be utilized as a practical separation or concentration

method for the following reasons:

1. The partitioning results obtained in Chapters 2 and 3 indicate that biomolecules

having different sizes, such as hydrophilic proteins and viruses, exhibit very

different partitioning behavior in two-phase aqueous micellar systems. In par-

ticular, in the CloE4 two-phase aqueous micellar system, both the hydrophilic

proteins and the viruses tend to partition preferentially into the bottom micelle-

poor phase, but to very different extents. Specifically, the measured partition

coefficients of proteins were found to be of order 1 (see Section 2.2.4.3 and Fig-

ures 2-6 and 2-8), while those of viruses were found to be of order 10- 3 (see
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Section 3.3.5.2 and Figure 3-6). This indicates a much more extreme partition-

ing of the viruses (the larger biomolecule), which clearly suggests the potential

of achieving an efficient separation of biomolecules, based on the size of the

solute particles, with the use of two-phase aqueous micellar systems.

2. As described in Section 1.2.3, the non-charged surfactants do not bind to protein

molecules or induce loss of enzymatic activity. In addition, the stability test

results presented in Section 3.3.3 demonstrated indirectly that the presence of

micelles in the solution does not have detrimental effects on the viability of the

viruses. It can therefore be concluded that two-phase aqueous micellar systems

composed of nonionic (and zwitterionic) surfactants can indeed provide friendly

and non-harmful environments to biological materials.

3. Two-phase aqueous micellar systems constitute a liquid-liquid extraction method

and, therefore, have the potential of being scaled up with relative ease.

In view of these encouraging reasons, the utilization of two-phase aqueous micellar

systems as a separation or concentration method was investigated, with the results

of this investigation presented in this chapter.

In the studies reported in Chapters 2 and 3, temperature, which indirectly controls

the surfactant (micellar) concentrations in the two coexisting phases, as well as the

micellar size, was the key factor tuned to control the partitioning behavior of a spe-

cific biomolecule in the two-phase aqueous micellar systems. Although tuning other

factors, such as salt type and concentration and solution pH, was not attempted,

the partitioning results obtained so far seem to suggest the implementation of cer-

tain strategies in order to enhance the separation efficiency associated with the use

of two-phase aqueous micellar systems. Specifically, as explained below, it appears

promising to vary the volume ratio of the two coexisting micellar phases as a means

of increasing the separation or concentration efficiencies.

In the partitioning work reported in Chapters 2 and 3, the partitioning exper-

iments were all conducted utilizing two-phase systems having approximately equal

volumes of the two coexisting micellar phases. As first pointed out by Albertsson [69],
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the partition coefficient is an intensive thermodynamic property. As such, it should

not depend on the overall concentration of the partitioned solute (biomolecules), as

well as on the volumes (or the volume ratio) of the two coexisting phases. In other

words, a mere manipulation of the volume ratio of the two coexisting phases should

not change the partition coefficients of solutes (biomoleciules). On the other hand, as

shown below, the manipulation of this volume ratio can have a pronounced effect on

improving the efficiency of separation or concentration of the biomolecules.

Following the "one-step procedure" proposed by Albertsson [69] in the case of

two-phase aqueous polymer systems, one can '"force" the volume of one of the two co-

existing phases to be much larger than that of the other in order to achieve the desired

separation or concentration efficiencies. More specifically, in the two-phase aqueous

CloE4 nonionic micellar system, both the hydrophilic proteins and the viruses parti-

tion preferentially into the bottom (micelle-poor) phase. However, since, as mentioned

earlier, the virus particles exhibit much more extreme partitioning behavior than pro-

teins, concentration of virus particles in the bottom phase can be achieved by making

'Vt/Vb >1, where Vt and Vb are the volumes of the top and bottom phases respectively.

In addition, using the same strategy, most of the proteins can be retrieved from the

top phase, with relatively few viruses remaining in the top phase. Accordingly, it is

proposed that, by partitioning hydrophilic proteins and viruses simultaneously in a

two-phase aqueous micellar system having Vt/Vb >1, one can accomplish the tasks of

separation and concentration at the same time.

The volume ratio of the two coexisting micellar phases can be tuned by varying

the total surfactant concentration of the solution at a given temperature. More

specifically, from knowledge of the surfactant concentrations in the two coexisting

phases at a certain temperature, as obtained from the measured coexistence (cloud-

point) curve on the temperature versus surfactant concentration phase diagram (see,

for example, Figures 2-3 and 2-4), the total surfactant concentration needed to achieve

the desired final volume ratio, Vt/Vb, at the temperature of interest can be calculated

according to the lever rule. However, since the desired total surfactant concentration

may be very close to one of the ends of the tie line drawn across the coexistence (cloud-
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point) cuire at the temperature of interest, the corresponding micellar solution may

be close to, or possibly, even inside the metastable region of the phase diagram. In

this case, the solution condition is close to equilibrium, and the rate of change towards

equilibrium usually becomes very slow as equilibrium is approached [70]. As a results,

the time required to attain phase separation equilibrium is longer than that required

in the case of equal-volume partitioning.

The remainder of this chapter is organized as follows. Section 4.2 presents general

considerations concerning the unequal-volume partitioning strategy, including a brief

discussion of the lever rule and the definition of two useful parameters for assessing

the separation or concentration efficiencies. Section 4.3 presents the experimental

details associated with the unequal-volume partitioning. Section 4.4 presents , brief

comparison between partitioning in two-phase aqueous (micellar or polymer) systems

and other separation methodologies which are commonly used in biotechnology. Fi-

nally, Section .5 summarizes the results presented in this chapter, including some

concluding remarks.

4.2 General Considerations Associated with

the Unequal-Volume Partitioning Strategy

The partition coefficient of a biomolecule, K, in the two-phase system was defiaed in

Chapter 2 and is given by
Kf =Ct (4.1)

Cb

where Ct and Cb are the biomolecule concentrations in the top and bottom phases

respectively. The following mass-balance relation is generally valid:

CoVo = Co(Vt + Vb) = CtVt + CbVb (4.2)

where Co is the initial total biomolecule concentration, Vo is the initial total volume

of the solution, including the volume of the surfactant (the phase-forming material),
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and Vt and Vb are the volumes of the top and bottom phases respectively. Note that

under the reasonable approximation that the total volume of the solution does not

change upon partitioning, it follows that V = Vt + Vb.

Equations (4.1) and (4.2) are valid under all conditions. Specifically, as mentioned

earlier, the partition coefficient is an intensive thermodynamic property, and, as such,

should be independent of the overall solute concentration and the volume ratio of the

two coexisting phases [69]. Consequently, in principle, the final volume ratio, Vt/Vb,

required to achieve a desired partitioning result can be calculated before the parti-

tioning experiment is conducted, with the associated partition coefficients obtained

from the equal-volume partitioning experiments.

4.2.1 The Lever Rule

The lever rule provides a simple tool to calculate the volume ratio of the two co-

existing phases in phase-separated one-component or multi-component systems [71].

For example, in the case of one-component systems, the phase diagram consists of a

pressure versus molar volume relationship, while in the case of binary systems at a

fixed pressure, it consists of a temperature versus composition relationship.

Figure 4-1 provides an illustration of the various elements which need to be as-

signed to apply the lever rule in the case of the Cl0E 4-water binary micellar system.

The tie line (dashed line in Figure 4-1) connects two points on the coexistence curve

which represent the compositions of the two coexisting phases at a certain temper-

ature (and pressure) condition. For example, in Figure 4-1, the tie line at a given

temperature T ' intersects the coexistence curve at point A, having a CloE4 concen-

tration CA, and at point B, having a CloE4 concentration CB. If a solution with an

overall CloE4 concentration Co is prepared at the temperature To, as represented by

point O in Figure 4-1, such a solution will separate into two phases, since point O lies

within the two-phase region. After separation equilibrium is attained, the resulting

two coexisting phases will have compositions CA and CB. This type of qualitative

information can be obtained by a simple inspection of the phase diagram. The lever

rule provides a tool to quantify this information. Let VA and VB be the final volumes
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T 0

2-Phase
Region

B 0

1-Phase
Region

CB Co CA X

Figure 4-1: Illustration of the various elements which need to be assigned to apply the
lever rule in the case of the CloE4 -water binary micellar system. In the temperature
(T) versus CloE4 concentration (X) phase diagram, the solid curve is the coexistence
(cloud-point) curve separating the one-phase and two-phase regions, and the dashed
line is the tie line at temperature T °. CB, Co, and CA are the CloE4 concentrations
corresponding to points B, 0, and A, respectively.
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of phases A and B respectively. The following expression then follows from a mass

balance on the initial and final amounts of CloE4 in the solution:

CO(VA + VB) = CAVA + CBVB (4.3)

Rearranging Eq. (4.3) yields

(CA-CO)VA = (CO-CB)VB

VA CO -CB

VB CA - CO

VA OB
or VA (4.5)

VB OA

where OB = Co - C and OA = CA - Co. In other words, the volume ratio of

the two coexisting phases, VA/VB, is given by the ratio of the lengths of the tie-line

segments OB and OA. Since the mathematical relation given in Eq. (4.5) is similar in

structure to that corresponding to a lever derived in classical mechanics, it is referred

to as the "lever rule."

In the CloE4 aqueous micellar system, the top phase is micelle-rich and is therefore

located on the right branch of the coexistence curve, illustrated by point A in Figure 4-

1, while the bottom phase is micelle-poor and is therefore located on the left branch

of the coexistence curve, illustrated by point B in Figure 4-1. The volume ratio of

the two coexisting micellar phases is hence given by

Vt OB
Vb Q A(4.6)

Equation (4.6) clearly indicates that, in order to make the value of Vt/Vb much greater

than unity, point O (representing the total CloE4 concentration) should be chosen as

close as possible to point A. In other words, the total surfactant concentration must

be fairly high in order to obtain a large Vt/Vb value. As point O approaches point

A, it may penetrate into the metastable region of the phase diagram, thus resulting
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in a longer equilibration time (see discussion in Section 4.1). Consequently, the time

required to attain phase-separation equilibrium depends on the desired final volume

ratio, and is expected to be longer in the case of larger final volume ratios.

4.2.2 Definition of Two Useful Parameters for Assesi-ix.g

Separation and Concentration Efficiencies

Two useful parameters are defined in this section in order to quantitatively assess the

efficiency of separation and concentration using two-phase aqueous micellar systems.

These are (1) the yield in the top phase, Y, and (2) the concentration factor in the

bottom phase, a.

1. Yield in the Top Phase, Y

The parameter Y is defined as the amount of a desired solute which can be

retrieved from the top phase (CtVt) relative to the total amount of this solute

in the solution (CtVt + CbVb), that is,

Y(%) =Ct + CbVb 100% (4.7)

Using the partition coefficient definition given in Eq. (4.1) in Eq. (4.7) yields

the following alternative expression for Y:

Y(%) - + x 100% (4.8)1+K(vt)

It is interesting to examine Eq. (4.8) to learn how the yield, Y, varies with the

volume ratio, Vt/Vb, particularly when Vt/Vb > 1. For a fixed K value (which, as

stated above, is independent of the Vt/Vb value), Y increases as Vt/Vb increases,

and, for a fixed Vt/Vb value, Y is lower for smaller K values. Recall that in the

case of partitioning in the two-phase aqueous CloE4 micellar system, K was

found to be of order 1 for hydrophilic proteins and of order 10-3 for viruses,

the latter being much smaller than unity. Accordingly, it is expected that, by
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increasing the volume ratio, Vt/Vb, the yield of the proteins-in the top phase

should increase significantly, while that of the viruses should not. As will be

shown below, this is indeed the case, and it constitutes a very useful feature for

removal of viruses with concomitant purification of proteins.

2. Concentration Factor in the Bottom Phase, a

The parameter a is defined as the ratio of the concentration of a solute in the

bottom phase, Cb, and the initial total solute concentration, Co, that is,

a = Co (4.9)
Co

Combining Eqs. (4.2) and (4.1), it follows that

CtVt + CbVb
C Ctt + Cbob (4.10)

(V + Vb)

or Co = Cb(KV + Vb) (4.11)

(Vt + Vb)

Using Eq. (4.11) in Eq. (4.9), and rearranging, yields

a = KV + Vb (4.12)

or a = +() (4.13)
1 +K ( )

An examination of Eq. (4.13) reveals that, for a constant K value, a increases

with an increase in the volume ratio, Vt/Vb. In addition, for a fixed Vt/Vb value,

a increases as K decreases, reaching a maximum value of

Vt
cmax 1 + - (4.14)

¼b'

when K - O. Note that a, is indeed very large when Vt/Vb is very large.

Since the partition coefficients of hydrophilic proteins, Kp, and those of virus
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particles, K,, are both smaller than unity in the CloE 4 two-phas aqueous

micellar system, and K,'s were found to be at least two orders of magnitude

smaller than Kp's, it follows that the virus concentrat;cn factors, Av, should

increase more significantly with increasing volurmi. ratio, Vt/Vb, than the protein

concentration factors, ap. Accordingly, significant concentration of viruses in

the bottom phase of the CloE4 two-phase aqucou; micellar system should be

accomplished by using large Vt/Vb values.

The highest Vt/Vb value which was obtained so far in two-phase aqueous polymer

systems is about 100 [72, 73, 74]. If this maximal Vt/Vb value can indeed be reached

in two-phase aqueous micellar systems, the derivations resented above clearly indi-

cate that the efficiency of separation and concentration operations may be greatly

enhanced.

4.3 Experimental Approach

4.3.1 Materials

The materials used in these studies included the nonionic surfactant CloE4 (as de-

scribed in Section 2.2.1.1), the hydrophilic protein ovalbmnin (as described in Section

2.2.1.2), and the bacteriophage P22 (as described in Section 3.3.1). As in the previous

two chapters, all the solutions were buffered with pH 7 McIlvaine buffer.

4.3.2 Experimental Methods

Two types of partitioning experiments were conducted, both utilizing volume ratios

Vt/Vb greater than unity. The first type involved an examination of the effect of

increasing the volume ratio, Vt/Vb, on the partitioning efficiency of either ovalbumin or

P22, with the Vt/Vb vales ranging from 1 to 6. The second type involved simultaneous

partitioning of ovalbumin and P22 at a volume ratio of 14.5 in order to assess the

separation efficiencies of these biomolecules when a higher volume ratio was used.

Details of these studies are presented below:
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1. Final volume ratios VtlVb=l - 6

The partitioning of a bimolecular species (either the protein ovalbumin or the

bacteriophage P22) at various final volume ratios, Vt/Vb=l - 6, and at a fixed

temperature of 19.30C was conducted. Solutions containing the surfactant

Co1 E4 and either ovalbumin or P22 were prepared in pH 7 McIlvaine buffer,

as described in Sections 2.2.4.2 and 3.3.5.1. Note that in the experiments re-

ported here, the total surfactant concentrations used were different from those

used in Sections 2.2.4.2 and 3.3.5.1, which were chosen to yield Vt/Vb=l, in

order to obtain final volume ratios Vt/Vb larger than unity. The total surfactant

concentration in a given solution needed for reaching a desired volume ratio

at the end of partitioning was calculated according to the lever rule (see Sec-

tion 4.2.1). In the temperature versus CloE4 concentration phase diagram (see

Figure 2-3), the 19.3°C tie line intersects the coexistence curve at Ct ~5.4 wt%

and Cb ~0.5 wt%, representing the surfactant concentrations in the top and

bottom phases respectively after phase separation equilibrium is attained. In

order to calculate the total surfactant concentration, Co, required to obtain a fi-

nal volume ratio of, for example, Vt/Vb=3, the lever rule result given in Eq. (4.6)

can be utilized. Expressing the surfactant concentration in wt% yields

Vt = 3 Co - 0.5
_3= C~-O.(4.15)

Vb 5.4 -Co

from which a value of Co=4.18wt% is obtained. Following the same procedure,

Co=4.7 wt% for reaching a final volume ratio Vt/Vb=6, and Co=2.95 wt% in

the case of equal-volume partitioning, that is, for reaching a final volume ratio

Vt/Vb=l.

At least three surfactant solutions, each containing either 0.5 g/L ovalbumin

or 108 particles/mL P22, were prepared in pH 7 McIlvaine buffer, with the

total CloE4 concentration, Co, in each solution in the range of 3.0 - 4.7 wt%,

depending on the desired final volume ratio. These solutions were prepared

in test tubes with graduations, so that the final volumes of the two coexisting
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phases could be easily measured. The total volume of each solution was about

[(desired Vt/Vb)+l] mL in order to obtain a final Vb of 1 mL, since at least

i mL of solution was needed for protein concentration determination. After

being well mixed and cooled down in the refrigerator, the solutions were placed

in the water cell (see Figure 2-2), whose temperature was already ajusted to

19.3°C, for about 13 - 14 hours (overnight) to ensure that the systrims reached

thermodynamic equilibrium. Since the resulting final volume ratios in each so-

lution may not be exactly the same as those calculated from Eq. (4.6) due to

the possible inaccuracy in the determination of the intersections of the tie line

with the coexistence curve in the phase diagram, the actual final volumes of the

two coexisting phases were recorded at the end of each partitioning experiment,

and the corresponding actual volume ratios were calculated. The two coexisting

phases were then withdrawn with syringe and needle sets, and th, ovalbumin

(or P22) concentrations were determined using the UV absorbance measure-

ments described in Section 2.2.3 (or the biological activity assay described in

Section 3.3.2). The corresponding partition coefficient, K, the yield in the top

phase, Y(%), and the concentration factor in the bottom phase, a, were then

calculated according to Eqs. (4.1), (4.7), and (4.9), respectively.

2. Final volume ratio Vt/Vb=14.5

The simultaneous partitioning of ovalbumin and P22 at a larger final volume

ratio Vt/Vb=14.5 was then conducted at 20°C. Prior to conducting this parti-

tioning experiment, it was tested and found that, although ovalbumin and P22

coexisted in the solutions, there was essentially no interference in the concen-

tration determination of one type of biomolecule by the presence of the other.

This is due to the fact that the P22 concentrations (in the range of 10 - 108

particles/mL) were not sufficiently high to induce strong absorbance or scat-

tering which could have interfered with the UV absorbance measurements used

to determine the ovalbumin concentrations. On the other hand, the biological

activity assay used for determining P22 concentrations is not sensitive to the
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presence of inert proteins which do not perform enzymatic functions on P22

particles, such as ovalbumin. Consequently, the concentrations of the protein

and the virus can still be measured accurately using the UV/visible absorbance

and biological activity assay respectively.

At 20.0°C, the surfactant concentrations in the top and bottom phases are

Ct ~7.6 wt% and Cb ~0.24 wt% respectively, as deduced from the intersec-

tions of the 20.0°C tie line with the C1oE4 coexistence curve (see Figure 2-3).

Three surfactant solutions containing both ovalbumin and P22 (with concentra-

tions of 0.5 g/L and 108 particles/mL respectively), and with a total CloE4

concentration of 7.5wt% in order to reach a final volume ratio Vt/Vb=20, were

prepared. The amount of each solution was about 21 mL (21 g) such that the

final volume of the bottom phase was about 1 mL. These solutions were pre-

pared in pear-shaped flasks with graduations. These flasks were used in this

experiment because (1) typical test tubes cannot accommodate 21 mL of liq-

uid, and (2) such flasks are wide on the top and narrow on the bottom and,

hence, can facilitate withdrawal of the small bottom phase. In addition to these

solutions, a 2.5 mL solution with a total C1oE4 concentration of 3.96 wt% (in

order to achieve equal-volume partitioning at 20.00C), but without ovalbumin

or P22, was also prepared in order to have the resulting two phases serve as the

"reference" for the ovalbumin concentration measurement (see Section 2.2.4).

These solutions were placed in the water cell set at about 20.0°C for about

24 hours. The final volumes of the two coexisting phases were measured from

the graduations on the flasks, and the corresponding actual final volume ratios

were then calculated.

The two phases were then withdrawn with syringe and needle sets, and the oval-

bumin and P22 concentrations in each of the two phases were determined using

the UV absorbance measurement and the biological activity assay respectively.

The resulting partition coefficients of ovalbumin and P22, K, as well as their

yields in the top phase, Y(%), and concentration factors in the bottom phase,
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a, were then calculated according to Eqs. (4.1), (4.7), and (4.9).

4.3.3 Results and Discussion

Figure 4-2 shows the measured partition c fficients, K, of ovalbumin and P22 as a

function of the actual final volume ratio ): the two coexisting phases, Vt/Vb, in the

two-phase aqueous CloE4 micellar system t i9.3°C. The circles and triangles denote

the experimental data points from the ovalLtumin and P22 partitioning experiments

respectively, and the lines, which are drawn to guide the eye, connect the averages

of the data points corresponding to eacl Vt/Vb value. As shown in Figure 4-2, the

partition coefficient of ovalbumin (0) remains approximately co.stant with increasing

volume ratio. On the other hand, the average partition coefficient of P22 (- - -)

increases only slightly, from about 2 x 10-3 to about 4x10 - 3, as the volume ratio

increases from 1 to 5.5, thus essentially remaining at the same order of magnitude.

This is consistent with the expectation [69] that there should be Lo dependence of

the partition coefficients on the volume ratio.

Figure 4-3 shows the yields in the top phase, Y(%), defined in Eq. (4.7), of oval-

bumin and P22 as a function of the final volume ratio, Vt/Vb. The notation is the

same as that in Figure 4-2. Figure 4-3 shows that the experimental Y values of oval-

bumin (0) exhibit a significant increase with increasing Vt/Vb, reaching a value of

about 80% for Vt/Vb ~5. On the other hand, the Y values of P22 (A) are low and do

not increase considerably with increasing Vt/Vb. Figure 4-4 shows the concentration

factors in the bottom phase, a, defined in Eq. (4.9), of ovalbumin and P22 as a func-

tion of the final volume ratio, Vt/Vb. The notation is the same as that in Figure 4-2.

Figure 4-4 indicates that a of P22 (A) increases significantly with increasing Vt/Vb,

reaching a value of ay .7 at Vt/Vb 5.5, while a of ovalbumin (0) remains essentially

constant. Figures 4-3 and 4-4 clearly suggest that it is very promising to increase

the volume ratio, Vt/Vb, for the purposes of both retrieving proteins from the top

phase and concentrating viruses in the bottom phase in the two-phase aqueous CloE4

micellar system.

The experimental results obtained from the simultaneous partitioning of ovalbu-
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Figure 4-2: Experimentally measured partition coefficients of the protein ovalbumin
(0) and the bacteriophage P22 (A) as a function of the actual final volume ratio,
Vt/Vb (between 1 - 6), in the two-phase aqueous CloE4 micellar system at 19.3°C.
The lines, which connect the average values of the partition coefficients of ovalbumin
(... ) and P22 (- - -) corresponding to each Vt/Vb value, are drawn to guide the eye.
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Figure 4-3: Yield in the top phase, Y(%), as a function of the actual final volume
ratio, Vt/Vb, in the two-phase aqueous CloE4 micellar system at 19.30C. The notation
is the same as that in Figure 4-2.
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Figure 4-4: Concentration factor in the bottom phase, a, as a function of the actual
final volume ratio, Vt/Vb, in the two-phase aqueous C10E4 micellar system at 19.3°C.
The notation is the same as that in Figure 4-2. Note that one circle (representing
ovalbumin data) is actually the overlap of three data points.
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Table 4.1: Summary of the experimental results of the unequal-volume partitioning
of ovalbumin and P22 in the two-phase aqueous C1oE4 micellar system conducted at
20.0°C.

* Experimental Conditions

Temperature 20.11 ±0.02 °C
Total CloE4 Concentration 7.5 wt%
Equilibration Time 21 Hours
Final Volume Ratio, Vt/Vb 14.5/1

* Results

Ovalbumin P22
Original Concentration 0.62 g/L 4.7 x 107 b/mL
Final Concentration: Top 0.54 g/L 3.7 x 106 0/mL
Final Concentration: Bottom 1.05 g/L 6.7 x 108 /mL
Partition Coefficient, K 0.51 5.7 x 10-3
Yield in the Top Phase, Y (%) 84.48 7.64
Concentration Factor in the 1.68 14.05

Bottom Phase, c

min and P22 at 20°C are schematically illustrated in Figure 4-5 and tabulated in

Table 4.1. In this partitioning experiment, the temperature control was very steady,

fluctuating solely within ±0.02°C during the entire partitioning period. The final

volume ratio obtained was Vt/Vb=14.5, which is higher than in the experiments con-

ducted at 19.3°C, the results of which are reported in Figures 4-2, 4-3, and 4-4.

However, this volume ratio is still lower than the expected value (about 20), which

was calculated according to the lever rule using the surfactant concentrations, Ct and

Cb, obtained from the phase diagram, as described in Section 4.3.2. This is probably

due to the inaccuracy associated with determining the concentrations Ct and Cb from

the intersections of the 20.0°C tie line with the coexistence curve.

In Table 4.1, the partition coefficients obtained at these conditions are 0.51 for

ovalbumin and 5.7x10 - for P22. When compared with the partition coefficient

values obtained from the equal-volume partitioning at 20.0°C (see Sections 2.2.4.3

and 3.3.5.2), which are 0.58 for ovalbumin and 2.24x10-3 for P22, it appears that

the partition coefficient values are essentially not affected to a significant extent by
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the volume ratio used. The yields in the top phase, Y(%), indicate that more than

80% of the total protein ovalbumin can be retrieved from the top phase, with only

7.6% of the virus P22 remaining in that phase, since most of the virus particles (about

92% in this case) partitioned into the bottom phase. This suggests that, by increasing

the volume ratio in the two-phase aqueous micellar systems, one can indeed remove

viruses from the desired protein while retrieving as much protein as possible.

The concentration factors in the bottom phase, a, indicate that the P22 concen-

tration in the bottom phase is 14 times higher than its original concentration, while

the concentration of the protein ovalbumin is only increased by a small factor (lower

than 2). Furthermore, the value of a 14 for P22 is close to the maximum a value

that can be attained at a volume ratio of 14.5, as predicted by Eq. (4.14). This

suggests that virus particles such as P22, whose partition coefficient is of order 10 - 3 ,

can be efficiently concentrated and purified using unequal-volume partitioning in the

two-phase aqueous CloE4 micellar systems. In other words, it is also promising to

utilize two-phase aqueous micellar systems with high volume ratios for the purpose

of concentrating large biomolecules, such as viruses and cells.

Although the highest volume ratio obtained in the experiments reported above

was 14.5, it is still possible to achieve even higher volume ratios in two-phase aqueous

micellar systems. For example, if a final volume ratio of 100 could be achieved in

the experiments illustrated in Figure 4-5, the corresponding yields in the top phase,

Y, and concentration factors in the bottom phase, a, of ovalbumin and P22 could

be calculated according to Eqs. (4.8) and (4.13), assuming that the K values are the

same as those listed in Table 4.1:

Ovalbumin P22

Partition Coefficient, K 0.51 5.7x10-3

Yield in the Top Phase, Y(%) 98.08 36.31

Concentration Factor in the 1.94 64.33

Bottom Phase, a

A comparison of the new Y(%) and a values with those reported in Table 4.1 shows
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that Y(%) and a of both ovalbumin and P22 increase. Although this is desirable

regarding Yo,,, and P22, which should be as high as possible in order to maximize

the purification of ovalbumin in the top phase and the concentration of P22 in the

bottom phase, it is undesirable regarding YP22 and al, which should be as low as

possible to minimize the presence of ovalbumin in the bottom phase and the presence

of P22 in the top phase. Consequently, a "trade-off" is needed when selecting the

optimal volume ratio, Vt/Vb, which will result in the desired Yool and aP22 values

while yielding tolerable YP22 and ova,, values.

4.4 Comparison with Other Separation Methods

Table 4.2 presents a comparison of two-phase aqueous (micellar or polymer) systems

with other separation methodologies commonly used in biotechnology, including cen-

trifugation, chromatography, and membrane filtration. This comparison is based on

the general operation of these methodologies, particularly with respect to the follow-

ing five aspects:

* Friendliness and mildness towards biological materials

* Ease of operation

* Capability to be scaled up

* Separation efficiency

* Speed

Note, however, that since the operations of these methodologies are based on

different principles, the comparison of the advantages and disadvantages listed in

Table 4.2 is not an absolute one under all conditions, but can still provide useful

guidelines.

As shown in Table 4.2, each separation methodology has some advantages and

disadvantages. Nevertheless, two-phase aqueous systems are superior to the other

separation methodologies in several aspects summarized below:
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Table 4.2: Comparison of various separation methodologies.

Methodology Operation Advantages Disadvantages
Principle

Centrifugation Density * Fast * May disrupt native
(wiith Density * High separation structures of
Gradient) efficiency with biomolecules [75, 76]

density gradient * Capability to be
scaled up is limited

Chromatography
- Gel Filtration Size, · High separation * May not be applicable
- Ion Exchange Electrostatic, efficiency to all types of
- Affinity Specific biomolecules [75]

Interactions * Not easily scaled up
* Preparation

procedures are
tedious

Membrane Size * Easy to operate * May need to apply
Filtration a May be scaled up pressure, which is not

* High selectivity in favorable for certain
sizes biomolecules

Two-Phase Size, * Mild and gentle to * Phase-forming
Aqueous Affinity biomolecules materials may need
Systems * Can be applied to to be removed after

all types of completion of
biomolecules biomolecule

* Easy to generate separation
systems

* Can be scaled up
with relative ease

* High separation
efficiency

· Fast

1. Two-phase aqueous systems can provide a mild and friendly environment due

to their higher water content, and no harsh operation is required when using

these systems. These features make two-phase aqueous systems better than (1)

centrifugation, which may have detrimental effects on -irus particles, causing

loss of structural integrity and biological functions [75, 76], and (2) membrane

filtration, which involves applying pressure and is thus not favorable to certain

biomnolecules.
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2. In utilizing two-phase aqueous systems, there is no limitation on the sizes or

properties of the biomolecules. This is to be contrasted with ion exchange or

affinity chromatography methodologies, which are not suitable for large assem-

blies, such as virus particles, due to the size-exclusion effect of the resins in the

chromatographic columns [75].

3. Two-phase aqueous systems are relatively easy to generate and operate. In

this respect, two-phase aqueous micellar systems are even easier to generate

than their polymer counterpart, since surfactants are more easily dissolved in

water than polymers (see discussions in Section 1.3). Hence, two-phase aqueous

systems are more convenient as compared to (1) chromatography, which requires

tedious procedures to prepare elution solutions and to pack the columns, and

(2) centrifugation with density gradient, in which the density gradient has to

be accurately built.

4. The ability of two-phase aqueous systems to be scaled up is a feature which

cannot be surpassed by any of the other separation methodologies listed in

Table 4.2. Two-phase aqueous systems are able to perform the separation op-

eration in a large scale and hence enhance the operational efficiency.

5. As presented in Section 4.3.3, the separation or concentration efficiency of pro-

teins and viruses using the two-phase aqueous CloE4 micellar systems is fairly

high. The separation reported in Section 4.3.3 is based on the size-exclusion

principle, but separation using these systems can also be accomplished by ex-

ploiting other types of interactions, such as the hydrophobic ones. Indeed, there

is experimental evidence [1, 2, 3, 4, 6, 9] which indicates that desirable sepa-

ration efficiencies can be obtained using two-phase aqueous micellar systems

based on differences in the hydrophobicity of the partitioned entities.

6. Phase separation in two-phase aqueous systems can be completed fairly fast,

with the final products obtained in hours, depending on the selection of the

final volume ratio, Vt/Vb. Accordingly, in addition to the ease of operation, two-
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phase aqueous systems can achieve separation faster than the other separation

methodologies.

In view of the above, two-phase aqueous syste ms, particularly those of the micellar

type considered in this thesis, display many avatages as compared to other sepa-

ration methodologies and, hence, possess the potential to be developed and exploited

in biotechnology. Possible directions for future ,k in this area are discussed in the

next section.

4.5 Conclusions and Potential of Utilizing

Two-Phase Aqueous Micellar Systems

as a Practical Separation or Concentration

Method

In view of the studies reported in this chapter, two-phase aqueous micellar systems are

indeed potentially useful as a separation or concentration method in biotechnology.

Some conclusions, as well as possible extensions of the work described above are

discussed below:

The results reported in Section 4.3.3 indicate that the separation efficiency can

indeed be enhanced by solely manipulating the volume ratio of the two coex-

isting phases, Vt/Vb, and, in the case of the CloE4 aqueous micellar system,

a more desirable separation efficiency can be achieved as the volume ratio is

increased. Although the highest volume ratio obtained in the experiments re-

ported in Section 4.3.3 was 14.5, it is still possible to achieve even higher volume

ratios. It appears that the major problem in reaching higher volume ratios is

the inaccuracy in determining the surfactant concentrations of the two coexist-

ing phases, Ct and Cb, at a given temperature from the coexistence curve on the

phase diagram. This problem can be overcome by a more careful measurement

of the coexistence (cloud-point) curve of the CloE4 aqueous micellar system.
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With more reliable Ct and Cb data at hand, the desired higher final volume

ratios may be actually reached in the experiments. However, as described in

Section 4.3.3, a "trade-off" is needed in selecting the optimal Vt/Vb value to

ensure a minimal loss of the desired biomaterials.

· The single-step operation associated with the unequal-volume partitioning in

two-phase aqueous micellar systems is indeed promising for the purposes of

viral removal as well as concentration of viruses. In principle, it is possible

to combine and repeat the single-step operation described in Section 4.3 to

generate a multi-stage process capable of enhancing the efficiency of separation

or concentration. However, one should keep in mind that, after each partitioning

step, some of the materials will be lost in the other "undesired" phase, which is

the bottom phase in the case of viral removal from proteins, and the top phase in

the case of concentrating viruses. If the desired material is valuable, additional

work may be required to retrieve the material "lost" in the "undesired" phase.

* In addition to the unequal-volume and multi-stage operations, two-phase aque-

ous micellar systems can further be developed into a continuous process, such as

a counter-current operation, similar to what was done in the two-phase aqueous

polymer systems [11, 12]. However, two-phase aqueous micellar systems are

more sensitive to temperature changes as compared to their polymer counter-

part. For example, in the CloE4 two-phase aqueous micellar system, a small

temperature variation will induce a large change in the concentration in the top

micelle-rich phase. Consequently, it may be necessary to maintain the whole

process at a constant temperature condition in order to achieve good control

over the performance of the process. An interesting alternative is to utilize

surfactants whose two-phase aqueous micellar systems are less sensitive to tem-

perature than the C1oE4 system. An example of such surfactants is C8-lecithin,

since, as shown in its phase diagram (see Figures 1-4 and 2-4), the slope of

the right branch of the coexistence (cloud-point) curve is steep as compared to

that of CloE 4, thus suggesting that the C8-lecithin two-phase aqueous micellar
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system is less sensitive to temperature variations than the CloE4 one.

* In addition to varying the volume ratio of the two coexisting phases, manipu-

lation of other factors, including addition of salts, variation of solution pH, or

addition of affinity ligands, may also induce changes ir ;lhe partitioning behav-

ior of biomolecules in two-phase aqueous micellar systems. In fact, variation

of these factors can add more degrees of freedom and .lexibility for achieving

desired separation results. Details on this possibility will be discussed further

in Section 6.2.1.

* As stressed in Section 2.3.1, the excluded-volume theoretical formulation indi-

cates that, as the difference in the surfactant concentrations of the two coexist-

ing micellar phases increases, that is, as the value of lit - b[ in Eqs. (2.12)

and (2.14) increases, the partitioning behavior of biomolecules will become

more uneven. In addition, as discussed in Section 2.3.1, a comparison between

Eqs. (2.12) and (2.14) suggests that partitioning will be more uneven in two-

phase aqueous micellar systems containing spherical rather than cylindrical mi-

celles. These findings indicate that other surfactant systems, particularly those

which may yield high lIt - Kbl values over a convenient temperature range (15 -

35°C), or which contain spherical micelles, should be exploited for partitioning

of biomolecules in order to achieve more extreme partitioning as well as more

favorable separation efficiencies.

In the next chapter, dynamic light scattering studies aimed at elucidating the

underlying micellar solution structure of the CloE4 aqueous micellar system are pre-

sented.
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Chapter 5

Dynamic Light Scattering Studies

of the C10 E4 Aqueous Micellar

System

5.1 Motivation

In the studies on protein and virus partitioning in the two-phase aqueous CloE4

micellar system presented in Chapters 2 and 3, the underlying structure of the top

(micelle-rich) phase was assumed to be semidilute (entangled), while that of the

bottom (micelle-poor) phase was assumed to be dilute. This assumption was based

on: (1) an analogy with the previously studied C12E6 aqueous micellar system [34],

and (2) light scattering results which are presented in this chapter. Specifically,

dynamic light scattering was utilized to investigate the underlying structure of the

aqueous CloE4 micellar system, as well as the possibility of observing a transition of

the solution structure from the dilute to the semidilute micellar solution regimes.

This chapter is organized as follows. Section 5.2 presents a brief overview of the

basic principles of dynamic light scattering, the experimental principles, end the data-

analysis technique used. Section 5.3 describes the experimental methods, including

sample preparation, the light scattering equipment, and the experimental procedures.
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Section 5.4 presents the experimental results and a discussion of these results. Finally,

Section 5.5 presents some concluding remarks.

5.2 Basic Principles of Dynamic Light Scattering

Light scattering is a powerful experimental technique which can provide information

regarding particle shape and size, solution structure, and inter-particle interactions

in solutions. In this section, the principles of dynamic light scattering, including the

theoretical background and the experimental principles, are briefly discussed. For a

comprehensive discussion on dynamic light scattering, see References [68, 77].

5.2.1 Theoretical Background

Light is an electromagnetic wave consisting of electric and magnetic fields oscillating

in directions perpendicular to that of the propagating wave. The electric field of

the light wave can accelerate a charge in a periodically oscillating pattern, which,

according to the classical electromagnetic theory, induces emmision of radiation and

is the source of the scattered light [54].

In dynamic light scattering from a solution, the scattered light from a sample

solution is measured as a function of time, and the correlation of the scattered light,

which is associated with the solution properties and the interactions between the

solute particles, is then calculated.

Usually, homodyne (or self-beat) dynamic light scattering experiments are con-

ducted, yielding the time autocorrelation function of the scattered light. The auto-

correlation function is defined as [68]

< I(0)I(T) >= lima o+ I(t)I(t + r)dt (5.1)
T-O W Jto

where 1(t) and I(t+ r) are the scattered light intensities measured at times t and t + r

respectively, and T is the total measuring time during which the scattering data are

collected. Note that for a sufficiently large T, the integral in Eq. (5.1) is independent

155



of the starting time to.

Since the scattered light intensity is proportional to the square of the scattered

electric field, E, that is, I(t) oc E(t)l2 [68, 54, 78], and E can be assumed to be a

random variable distributed according to a Gaussian distribution [68], it follows that

the autocorrelation function is given by [68]

< I(0)1(r) >= B < I >2 (1 + f(A)[g(T)]2) (5.2)

where B is a proportionality constant which is associated with the efficiency of the

scattered light detector, B < I >2 denotes the baseline of the autocorrelation func-

tion, f(A) is a spatial coherence factor which depends on the number of coherence

areas viewed, and g(r) denotes the decay of the correlation function with time and is

given by

g(r) - I I(7)I (5.3)

where 11(r), the first scattered-field autocorrelation function, is defined as

I1(T) -< E*(O)E(T) > (5.4)

where E*(O) denotes the complex conjugate of the scattered electric field E(O).

I1 (r) is related to the fluctuation of the solute concentration in the solution,

dc(q, r), that is, [68]

I(r) cc< Sc(q, r)c(q, 0) > (5.5)

Using Eqs. (5.4) and (5.5) in Eq. (5.3) yields

g9() = < c(q, )6c(q, 0) > (5.6)
< Ic12>

In Eqs. (5.5) and (5.6), q is the scattering vector and is defined as (see Figure 5-1)

q= k -f (5.7)
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Figure 5-1: Illustration of the light scattered from a region in the sample in all
directions. The incident and transmitted light have the same wave vector ki. Only
the scattered light with the wave vector k can be detected by the detector. The
scattering vector is defined as q = i - kf. The magnitude of is obtained using
geometry as q = 2kil sin = 4Wn sin , where 0 is the scattering angle between the
two wave vectors k and kf (from Reference [68]).
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where ki is the wave vector in the direction of the incident and transmitted light beam,

and kf is that denoting the position of the detector. Since, when the scattering is

elastic,
-fl 2irn 

Iki ~ ikl o (5.8)

where n is the refractive index of the sample solution and A0 is the wavelength of

light in vacuum, the magnitude of q is given by

o 47rn . 0
q = 2kil sin = sin- (5.9)

2 A0 2

where 0 is the scattering angle between the two wave vectors k and kf (see Figure 5-

1). Hence, q reflects both the scattering angle, 0, and the wavelength of light, A0.

Assuming that the solute particles undergo Brownian motion in the solution, their

motion should obey the diffusion equation (Fick's second law), and, consequently,

the fluctuation of the solute concentration in the solution should obey the diffusion

equation as well [68], that is,

< 6c(q, 7)6c(q, 0) >= DV < c(q, T)6c(q, 0) > (5.10)

where D is the self-diffusion coefficient of the solute particles. Integrating Eq. (5.10)

yields

< c(q, )Sc(-, 0) >=< 16c12 > exp(-rT) (5.11)

A comparison between Eqs. (5.6) and (5.11) shows that

g(T) = exp(-r7) (5.12)

where r is the decay rate and is related to the self-diffusion coefficient, D, as

r = Dq2 (5.13)

When the solute particles are of uniform size, the diffusion coefficient of the so-
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lute particles can be obtained Lm the particle size according to the Stokes-Einstein

relation:
kBTD =kT (5.14)

6~1r~h

where kB is the Boltzmann constant, T is the absolute temperature, r7 is the viscosity

of the solvaea;, and h is the hydrodynamic length of the solute particles, which is

equal to th,' hydrodynamic radius of the solute particles, Rh [68]. The size of the

solute particles, as reflected in h, can therefore be obtained from the dynamic light

scattering results (see Eq. (5.14) ).

If the sizes of the solute particles are not uniform but, instead, exhibit a size

distribution, which is the case ic,, the micelles in the CloE4 aqueous micellar system,

g(r) should reflect the superposition of various decay rates of particles with different

sizes. Specifically [77],

g(r) = ZG(ri)exp(-riT) (5.15)

or g9(r) = G(r) exp(-rT)dr (5.16)

where G(i) is the distribution function and denotes the contribution of the decay

rate ri by the particles with size h,i. The distribution function, G(r), needs to be

calculated from g(r) in order to derive the average decay rate F, as well as the average

hydrodynamic length ¢h (see the next section for details).

5.2.2 Experimental Principles and Data-Analysis Technique

In the actual light scattering measurements, the incident light has a single wavelength,

and the scattered light intensity is measured as a photon-counting process by the

photomultiplier detector (or photomultiplier tube). In the dynamic light scattering

measurements, the scattered photons are collected during a very short time interval

At (in the microsecond range) at a fixed angle. Let ni denote the number of photons

counted between the time iAt and (i + 1)At, with ni equivalent to the scattered light

intensity measured at time t = iAt, that is, I(t) = I(iAt). Let us also define the
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correlation time by r = aAt, and the total measuring time by T = NsAt, where N8

is the total number of samples (countings) taken. In this case,

I(t)I(t + T) = I(iAt)I((i + a)At) = ni ni+a (5.17)

and the time autocorrelation function is obtained from experiments as [68]

1
< I(0)I(T) > = Z niE ni+a (5.18)

I 

= 1 Z'ni ni+a (5.19)
NAt i

In the case of polydisperse systems, in order to solve for the unknown G(F) ac-

cording to Eq. (5.16), a Laplace inversion is conducted on the experimentally obtained

g(r). There are several data-analysis techniques, with the most commonly used be-

ing the cumulant expansion [79]. In the cumulant expansion, the logarithm of g(r) is

expanded in terms of T:

- 2 3 1
ln jg(r) = -r+3 1 + 4+I( - 3 2) 4 -.... (5.20)

where

F = j rG(r)dI (5.21)

j = J(r -r)G(r)dr (5.22)

and
00oo

ln g(T)l = EKm(r)(-r) /m! (5.23)
1

where Km(r) is the mth cumulant, and K1 = , K2 = A2, K3 = P3, .... Note that

Eqs. (5.21) - (5.23) reveal that all the cumulants are calculated from the distribution

function G(r), and hence the r values derived from the cumulants represent certain

types of averages of the true F's.
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Generally speaking, the cumulant expanion is valid for small values and a

sufficiently narrow distribution function G(r) [79]. This analysis technique is fast and

relatively simple to implement, and its result; are often used as a starting point for a

more detailed data analy,;s. For details of other data-analysis techniques, including

the double-exponential di3-,ribution and the method of regularization (usually known

as CONTIN), see Refere lee [79].

The solution of G(r) Utrived from a certain g(r), however, is usually not unique

due to the noise in the experimental data, which results from the measuring error

and the round-off error in tile photon-counting process. In addition, g(r) is strongly

dependent on the time increment At. Hence, obtaining G(r) from g(r) is an ill-posed

problem, and a small eIror in the measurement of the autocorrelation function may

result in a large error in G(r). Typically, it is recommended to increase the total

number of samples, Ns, and the incident light intensity in order to decrease the noise

level when measuring the autocorrelation function 79].

5.3 Experimental Approach

A micellar system composed of CloE4 and pure water was examined. The reason

for using pure water, instead of the McIlvaine buffer solution (as in Chapters 2 and

3), to generate the micellar system is to eliminate possible effects of the buffering

salts on the properties of the micellar system [80]. The critical temperature T of

the ClOE4 -water system is about 19.8°C, which is 1C higher than that of the CloE4-

buffer system (see Figure 2-3), with a corresponding critical concentration of about

2.5 wt%, which is approximately the same as that of the ClOE4-buffer system. The

scattering experiments were therefore conducted at temperatures lower than 19.8°C, a

range over which aqueous CloE4 micellar solutions exhibit a clear and uniform phase.

5.3.1 Equipment

The light scattering instrument consists of the BI-200SM goniometer system (Brookhaven

Instrument Company, NY) and a laser beam source (Lexel Model 95 Argon Ion Laser
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with a maximal power of 2 Watts). The goniometer includes a photomultiplier tube

which can be moved circularly around the sample holder to reach any specified angle

for measuring the scattered light intensity. The goniometer system is also equipped

with a BI-9000AT Digital Correlator for dynamic light scattering data analysis. An

unpolarized laser beam with a wavelength of 514.5 nm was used as the light source.

Decalin (decahydronaphthalene, cis and trans) was used as the index-matching fluid

to match the refractive index of the glass sample cell. The sample temperature was

controlled using a water bath connected to the brass tubes surrounding the sample

holder. Note that the actual temperature of the sample may be different from that

displayed on the water bath and, therefore, its precise value needs to be measured

separately.

5.3.2 Experimental Procedures

5.3.2.1 Sample Preparation

Samples for the light scattering measurements were prepared with the surfactant

CloE4 (lot no. 1006, as described in Section 2.2.1.1) and water which was fed through

a Milli-Q water purification system. The resulting solutions were vortexed to achieve

thorough mixing. Dust in the solutions was removed by filtration for at least six times

using Millex-GS Filters (Millipore, Bedford, MA) with a pore size of 0.22pm. Note

that centrifugation was not utilized to remove dust since the CloE4 solutions phase

separate at room temperature, and centrifugation is usually conducted at room tem-

perature and may therefore result in phase separation of the CloE4 micellar solutions.

5.3.2.2 Light Scattering Measurement

Light scattering measurements were conducted at 7.0, 10.0, 13.0, 16.0, and 18.0°C, as

displayed on the water bath. Scattering measurements could not be conducted at even

lower temperatures because the index-matching fluid (decalin) was found to become

turbid as the temperature was further reduced, thus hindering the measurement of

light scattering from the sample solution. A possible reason for the observed turbidity

162



uf decalin may be the condensation and nucleation of absorbed water vapor in decalin

as the temperature is reduced towards 0°C. Note that since the melting point of

decaiin is about -400C, the observed turbidity in decalin at temperatures lower than

7.0°C should not result from the crystallization of decalin.

The experimental procedures for conducting the dynamic light scattering experi-

ments on a given sample solution are described below:

1. The water bath was set at a desired experimental temperature.

2. Before being inserted into the sample holder, the outer surface of the sample

cell was rinsed with acetone. After inserting the sample into the sample holder,

decalin was filtered for at least 30 minutes in order to remove drltit. Filtration of

decalin was performed intermittently, that is, decalin was filtered for 10 minutes,

followed by turning off the decalin filtration pump for 5 minutes in order to cool

down the sample by the circulation of cold water from the water bath. This

procedure was adopted in order to prevent phase separation in the sample which

may be induced by introducing warm decalin during the filtration step. This

procedure was repeated until the total filtration time exceeded 30 minutes.

3. After completing decalin filtration, the sample and decalin were maintained at

this temperature condition for at least 30 minutes prior to the light scattering

measurement in order to ensure that the sample had reached thermal equilib-

rium.

4. Prior to conducting the actual light scattering measurements at the scattering

angle 0=900, a "control" measurement was conducted at a lower angle ( =

30° or 45° ) in order to detect the possible existence of dust either in the sample

solution or in decalin. This exploited the fact that the correlation function of the

scattered light at lower angles is very sensitive to the presence of large particles

such as dust. If the presence of dust was detected, which was typically indicated

by the large difference between the measured and calculated baselines provided

by the Digital Correlator, the dust was then visually located by observing the

163



strong scattering due to the dust in either the sample solution or decalin. In

this case, filtration of the sample solution, as described in Section 5.3.2.1 (or

decalin, as described in step 2 above) was repeated if the dust was found in the

sample solution (or in decalin), followed by an additional attempt to detect the

presence of dust using dynamic light scattering at 0 = 30° or 45°.

5. The actual dynamic light scattering measurements were conducted at 0 = 90°.

For each sample at each temperature of interest, at least six measurements

were performed during the same sample time. The resulting autocorrelation

functions were subsequently analyzed using the cumulant expansion (discussed

in Section 5.2.2), which was built in as a program in the BI-9000AT Digital

Correlator.

6. After completing a dynamic light scattering measurement at a given tempera-

ture, the temperature of the water bath was adjusted to a new value, and the

sample and decalin were maintained at this temperature condition for at least

30 minutes to ensure thermal equilibration of the sample before conducting the

measurement, as stated in step 5.

The actual temperature of the sample corresponding to that displayed on the water

bath was measured using a thermometer probe (Omega Thermistor Thermometer).

This measured temperature was then used in all subsequent data analyses, including

the calculation of the solvent viscosity (see Table 5.1 and Section 5.3.3).

5.3.3 Analysis of the Experimental Results

As mentioned in the previous section, at each CloE4 concentration and temperature

examined, the measured autocorrelation function was analyzed using a cumulant

expansion. The third cumulant was used in further calculations, since it usually

yields the lowest root-mean square error, as compared to the other cumulants.

Since all the measurements were conducted at 0 = 900, the magnitude of the scat-

tering vector, q, defined in Eq. (5.9), was essentially constant under the reasonable
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Table 5.1: Water viscosity at various temperatures examined in the light scattering
measurements. The viscosity values were calculated by interpolating the water viscos-
ity versus temperature data given in Reference [81] to the actual sample temperature
(see the second colurimn).

assumption that, at the relatively dilute CloE4 concentrations and the narrow tem-

perature range examined, the refractive index of the solutions, n, was about the same

as that of pure water and remained approximately constant with temperature. At

each C1oE4 concentration and temperature examined, the average value of the decay

rate, r, was obtained from the third cumulant, as in Eq. (5.22), and subsequently used

in Eq. (5.13) to calculate the diffusion coefficient, D. Note that the solvent (water)

viscosity, r1, at each temperature examined was obtained by interpolating the water

viscosity versus temperature data [81] to the temperature examined (see Table 5.1).

It is useful to introduce a "scaled diffusion coefficient," D*, as follows [33]:

D* D (5.24)
200 C

where 7T and 7720oc are the water viscosity at temperatures T and 20°C respectively,

with r/2ooc=1.002 cp [81]. Note that the scaled diffusion coefficient, D*, is the diffusion

coefficient (see Eq. (5.14) ) corrected for the change of solvent viscosity with temper-

ature with respect to a standard condition (20°C in this case) [33]. As discussed in

the next section, a plot of log D* versus log X (Co1 E4 concentration) can provide

information on the solution structure at various surfactant concentrations [33].

165

Temperature Display Actual Temperature Water
on Water Bath of the Sample Viscosity

(°C) (°C) (cp)
18 18.1 1.048
16 16.3 1.101
13 13.4 1.193
10 10.6 1.287
7 7.7 1.419



5.4 Results and Discussion

Figure 5-2 shows a log-log plot of the measured scaled diffusion coefficient, D*, ver-

sus CloE4 concentration (in molar) at various temperatures: 7.7°C (0), 10.6°C (A),

13.4°C (0), 16.3°C (), and 18.1°C (A). Figure 5-2 reveals that, at each tempera-

ture examined, there is a minimum value of D*, with the minimum becoming more

pronounced as the temperature increases. It is possible to relate the occurrence of

such a minimum to a transition of the underlying micellar solution structure from the

dilute to the semidilute (entangled) regimes. In this picture, the surfactant concentra-

tion at which D* attains its minimum value corresponds to the "crossover surfactant

concentration," X*, which denotes the onset of the structural transition, as discussed

in Sections 1.2.2 and 1.3. This follows from the fact that D* is inversely propor-

tional to the average hydrodynamic length of the micelles, ~h (see Eq. (5.14) ). More

specifically, when the surfactant concentration, X, is lower than X*, the measured hy-

drodynamic length ~h denotes the average size of individual micelles, with the average

micellar size sh increasing with surfactant concentration. In other words, for X < X*,

D* decreases with increasing X (recall that D* ). On the other hand, when the

surfactant concentration is higher than X*, micelles in the solution entangle with

each other and form a transient mesh or net, which becomes denser as the surfactant

concentration increases, and, therefore, the measured h actually represents the mesh

size of the micellar net, which decreases with increasing surfactant concentration (see

Figure 1-5). In other words, for X > X*, D* increases with increasing X. Clearly,

the behavior of D* versus X for X < X* and X > X* indicates the existence of a

minimum D* value.

To obtain the exact minimum of D* at each temperature examined from the

experimental results shown in Figure 5-2, each set of D* data was fitted using a linear

regression to the 6th order, and the minimum of D*, as well as the corresponding

CloE4 concentration, were calculated accordingly. The results of the linear regression

analysis are depicted by various lines in Figure 5-2, and the corresponding minimum

on each line is marked by an asterisk (*). In view of the discussion above, the
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Figure 5-2: Log-log plot of the experimentally measured scaled diffusion coefficient,
D*, versus CoE 4 concentration (in molar) at various temperatures: 7.70 C (0),
10.6°C (A), 13.4oC (), 16.3°C (), and 18.1°C (). The lines are the results
of a linear regression on the data points of 7.7°C ( ... ), 10.60C (- - -), 13.40C (- .. -),
16.3°C (- - -), and 18.1C (-), respectively. The asterisk on each line denotes the
minimum D* value at that temperature, as calculated from the linear regression.
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surfactant concentration corresponding to an asterisk can be viewed as the crossover

surfactant concentration, X*, at each specific temperature.

One can also rationalize the observed variation of D* with temperature shown in

Figure 5-2 as follows: When the surfactant concentration is lower than X*, that is, on

the left-hand side of Figure 5-2, the observed decrease of D* with increasing temper-

ature reflects the fact that the average CoE 4 micellar size increases (micellar growth,

see Section 1.2.2) with increasing temperature. When the surfactant concentration

is higher than X*, that is, on the right-hand side of Figure 5-2, the trend that D*

decreases with increasing temperature is also observed, denoting the fact that the

micellar mesh size also increases with increasing temperature. Nevertheless, as the

surfactant concentration increases further, the observed D* values at all the temper-

atures examined seem to converge, indicating that, at high surfactant concentrations,

the mesh size becomes independent of temperature. This has indeed been observed

in other micellar systems in which the micelles also exhibit significant growth into

long, rod-like micelles [33, 82]. In addition, at high surfactant concentrations, the

variation of D* versus surfactant concentration was found to obey a simple scaling

law by exploiting an analogy with polymer solutions [83]. This scaling law relates the

mesh size, (m, to the surfactant concentration, X, as follows:

'm , X- 0.77 (5.25)
1

D c (' X0 77 (5.26)

Equation (5.26) implies that, at high surfactant concentrations, the structure of these

micellar systems resembles that of a flexible polymer net. Extrapolation of the exper-

imental data shown in Figure 5-2 to higher C1oE4 concentrations indicates that the

variation of D* with X ranges from D* X0' 42 at 7.70°C to D* X.15 at 18.10C.

Hence, it is possible that the D* values at each of the temperatures examined will

indeed converge to D* X77 as X is increased further.

It is also interesting to plot the X* values obtained from the linear regression at

the various temperatures examined on the temperature versus CoE 4 concentration
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phase diagram. Figure 5-3 shows the X* values obtained fi-,in the linear regression as

asterisks (*), together with the coexistence (cloud-point) curve (the solid curve), and

the critical point (the black dot). Figure 5-3 indicates that the extension of these X*

values to higher temperatures appears to approach the critical point, thus bisecting

the one-phase region of the phase diagam into the dilute regime (on the left-hand

side of the asterisks) and the semidilute (mtangled) regime (on the right-hand sideof

the asterisks). This suggests that the tw coexisting micellar phases of the two-phase

aqueous CloE 4 micellar system indeed possess different solution structure, with the

top (micelle-rich) phase containing a trar sient micellar mesh or net, and the bottom

(micelle-poor) phase containing individually dispersed micelles. This finding leads

support to the conjecture made in Section 1.2.2 about the underlying structure of the

top and bottom phases in the two-phase aqueous CloE4 micellar system, which was

also based on the analogy to the C12E aqueous micellar system [34].

It is noteworthy that the variation of the crossover concentration, X*, with temper-

ature can actually be calculated using a recently-developed molecular-thermodynamic

approach [27, 55], if the Kuhn length of the micelles (a measure of micellar flexibility)

[32] is known. The crossover concentrations of the C1oE4 aqueous micellar system cor-

responding to Kuhn lengths of 1=100A and 150A in the temperature range 5 - 19.5°C

were calculated [27, 55] and are also shown in Figure 5-3 as dashed and dotted lines

respectively. As can be seen, the X* value, obtained from the linear regression (the as-

terisks in Figure 5-3) are found to be located between the two theoretically calculated

lines, indicating that the actual Kuhn length of CloE4 micelles in this temperature

range is indeed between 100 - 150]A. Note that the Kuhn length is actually a function

of temperature and is expected to decrease with increasing temperature in the CloE4

micellar system, similar to what is found in the C12E6 aqueous micellar system [35].

This also implies that 100 - 150A is a reasonable estimation of the Kuhn length of

the C10E4 micelles in this temperature range. Recall that this range of Kuhn length

values was also used for calculating the excluded volume between virus particles and

flexible micelles (see Section 3.4.3).

The results of the dynamic light scattering studies presented in this chapter are
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consistent with the occurrence -of the crossover phenomenon in the C1oE4 micellar

system. In order to obtain a more complete picture of the micellar solution structure,

including the average molecular weight and the Kuhn length of micelles, other exper-

imental methods, such as static light scattering, should be conducted. However, it is

well-known that the results of light scattering experiments can be strongly affected

by intermicellar interactions and critical fluctuations [84, 85]. Consequently, extreme

caution should be exercised when interpreting the light scattering results. In addition,

other experimental methods which are not as sensitive to these complicating factors,

such as viscosity measurements, should also be considered for investigating the mi-

cellar solution structure in order to obtain a more accurate description of the CloE4

micellar system. It is also noteworthy that, unlike a conventional phase transition,

the transition of the solution structure from the dilute to the semidilute regimes is

not a sharp one. Accordingly, the crossover concentrations deduced using different

experimental techniques may be somewhat different.

5.5 Conclusions

This chapter described dynamic light scattering measurements aimed at elucidat-

ing the underlying structure of the CloE4 aqueous micellar system. The following

conclusions follow:

* Useful information about the transition in the micellar solution structure from

the dilute to the semidilute regimes can be obtained from the dynamic light

scattering measurements. The crossover surfactant concentrations of the C1 oE4

micellar system, X*, which were obtained from the linear regression of the exper-

imental data at various temperatures, appear to bisect the one-phase region of

the temperature versus CloE4 concentration phase diagram into a dilute regime,

consisting of individually dispersed CloE4 micelles, and a semidilute (entangled)

regime, consisting of a transient mesh or net of interpenetrating CoE 4 micelles,

as shown in Figure 5-3. This finding suggests that the solution structure of

the two coexisting CloE4 micellar phases is indeed very different, with the top
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(micelle-rich) phase containing a micellar net and the bottom (micelle-poor)

phase containing individually dispersed micelles.

* A comparison between the experimentally obtained X* values and those calcu-

lated according to the molecular-thermodynamic approach indicates a reason-

able agreement, thus suggesting that the Kuhn length of CloE4 micelles, which

is a measure of the flexibility of these micelles, is in the range of 100 - 150k

over the temperature range 5 - 20°C.

* Other experimental techniques, such as static light scattering and viscosity mea-

surements, should be utilized in order to obtain a more complete and accurate

picture of the micellar solution structure in the CloE4 aqueous micellar system.

In the next chapter, a summary of the results obtained in this thesis is presented,

and possible extensions of the work presented in this thesis are also discussed.
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Chapter 6

Summary and Possible Extensions

of the VTork Presented in This

Thesis

6.1 Summary of the Central Results

The work presentcd in this thesis constitutes the first systematic experimental, theo-

retical, and practical study on the partitioning of biomolecules (hydrophilic proteins

and viruses) in two phase aqueous micellar systems. The central results of this thesis

are briefly summarized below:

* The partitioning behavior of several hydrophilic proteins in two-phase aqueous

micellar systems, composed of the nonionic surfactant CloE4 or the zwitteri-

onic surfactant C8-lecithin, was investigated experimentally and theoretically,

as described in Chapter 2. The partition coefficients of proteins, Kp, which is

the ratio of the protein concentrations in the two coexisting micellar phases and

constitutes a quantitative measure of the partitioning behavior, werc found to be

of order 1. The proteins were found to partition preferentially into the micelle-

poor phase of the two-phase aqueous micellar systems. In addition, it was also

found that the observed partitioning behavior becomes more extreme as (1) the
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size of the biomolecules increases, or (2) the difference in the micellar concen-

trations of the two coexisting micellar phases becomes more pronounced. These

findings strongly suggest that the interactions between the biomolecules and

the non-charged micelles are primarily of the excluded-volume type. Accord-

ingly, a theoretical formulation based on excluded-volume interactions between

biomolecules and micelles was developed to describe the partitioning behavior

of proteins in two-phase aqueous micellar systems. The theoretically predicted

partitioning behavior was found to be in reasonable agreement with the exper-

imental partitioning results. The theoretical formulation also provided useful

information on how to achieve more extreme partitioning as well as optimize

the partitioning operation.

* The partitioning behavior of virus particles in the two-phase aqueous CloE4

micellar system was subsequently investigated, as presented in Chapter 3, and

the partition coefficients, Kv, were found to be of order 10- 3 , indicating the

much more extreme partitioning behavior of virus particles as compared to that

of proteins. The theoretical formulation presented in Chapter 2, which is based

on an excluded-volume picture of rigid micelles interacting with relatively small

protein molecules, was generalized to incorporate the effect of micellar flexibility,

which should play a more important role in the partitioning of the larger virus

particles. However, the new theoretical formulation was found to over-predict

the partitioning behavior of the larger virus particles examined when compared

with the experimental results.

* As described in Section 3.5, an attempt was made to rationalize the observed

deviation between the theoretically predicted virus partition coefficients, which

should represent a true thermodynamic equilibrium condition, and the exper-

imentally measured virus partition coefficients in terms of kinetic effects as-

sociated with the partitioning phenomenon. Specifically, the experimentally

observed virus partitioning behavior may actually be complicated by kinetic

effects, including the slow diffusion of virus particles and the convection of
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the phase components. Accordingly, the experimentally observed partitioning

behavior of large particles, such as viruses, may not represent a true thermody-

namic equilibrium condition.

* Two-phase aqueous micellar systems may be utilized as a useful and practical

separation or concentration method, and this possibility w-s avestigated by

simultaneously partitioning a protein (ovalbumin) and a virus (222) in the two-

phase aqueous CloE4 micellar system, as reported in Chapter i. It was found

that, by manipulating the volume ratio of the two coexisting n icellar phases,

the desired separation or concentration efficiency of these two bio. nolecules may

be achieved.

* Dynamic light scattering studies were conducted to investigate the underlying

solution structure of the CloE4 aqueous micellar system, as reported in Chap-

t er 5. Using these measurements, it was possible to quantitatively deduce the

crossover surfactant concentrations, X*, denoting the transition of the micellar

solution structure from the dilute to the semidilute (entangled) regimes, at 'tar-

ious temperatures, T. An examination of the resulting X* versus T data along

with the coexistence (cloud-point) curve in the T versus C6loE4 concentration

phase diagram indicates that the solution structure of the two oexisting mi-

cellar phases in the CloE4 two-phase aqueous micellar system is lifferent, with

the bottom (micelle-poor) phase containing individually dispersed micelles, and

the top (micelle-rich) phase containing a transient micellar mesh or net. This

difference in the micellar solution structure may play a role in determining the

observed partitioning behavior of biomolecules in such two-phase aqueous mi-

cellar systems.
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6.2 Possible Extensions of the Work Presented in

this Thesis

6.2.1 Partitioning at Different Conditions or in Different

Two-PLase Aqueous Systems

1. Using other surfactants to generate the two-phase aqueous micellar systems

In this thesis, only two surfactants - CloE4 and C8-lecithin - were used to

generate the two-phase systems. The possibility of using other surfactants to

generate the two-phase aqueous systems should be investigated. As discussed

in Section 4.5, a isirable surfactant should meet one or more of the following

criteria:

* It should generate two-phase aqueous micellar systems over a temperature

range which is convenient and not etrimental to biomolecules, say, 15 -

350 C.

* It should display a broad coexistence (cloud-point) curve, thus yielding a

large difference in the surfactant concentrations of the two coexisting micel-

lar phases. That is, it should display high (t - qbb) values (see Eqs. (2.12)

and (2.14) ).

* It should form spheroidal micelles, since the partitioning of biomolecules

in such micellar systems is predicted to be more extreme (see Eq. (2.14) ).

* It should be commercially available and of relative low cost.

2. Investigating salt effects on the partitioning behavior

The salt type and its concentration can have a direct influence on phase sepa-

ration equilibrium of two-phase aqueous micellar systems [80], and, hence, can

affect the partitioning behavior of biomolecules in these systems. In addition,

the salt itself can partition between the two coexisting phases, thus generating

an electric potential difference between the two phases. This has been observed
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in two-phase aqueous polymer systems [13, 19]. Consequently, salt effects on

the partitioning behavior may be pronounced, and may be utilized to effectively

tune and optimize the partitioning of biomolecules in these systems.

3. Partitioning of biomolecules at solution pH's different from 7

The net charge on a biomolecule (for example, a protein molecule) varies with

the solution pH. Accordingly, the partitioning behavior of biomolecules can be

manipulated by changing the solution pH. Indeed, partitioning of proteins at

different solution pH's in two-phase aqueous polymer systems has been inves-

tigated [86, 87]. Similar partitioning studies should be conducted in two-phase

aqueous micellar systems. However, one should keep in mind that there will

be concomitant salt effects, since the solution pH is mainly manipulated by

changing salt type and its concentration in the solution.

4. Utilizing mixed micelles to generate two-phase aqueous micellar systems

Mixed-micellar systems represent an interesting extension of the non-charged

micellar systems examined in this thesis. Indeed, incorporating different types

of surfactants may induce different interaction patterns between the partitioned

solutes and the mixed micelles. Hence, the selectivity of the two-phase systems

may be improved. As discussed in Section 1.3, surfactant-type affinity ligands,

which have specific binding affinity to certain biomolecules, can be used to form

mixed micelles to enhance the separation or concentration efficiency of certain

biomolecules. In addition, mixed micelles composed of charged (ionic or zwit-

terionic) and non-charged surfactants are expected to interact differently with

biomolecules bearing different net charges, thus leading to different partitioning

behavior of these biomolecules in two-phase aqueous mixed-micellar systems.

An interesting possibility is to vary the solution pH in mixed-micellar systems.

In so doing, the net charges on biomolecules may be varied, and the partitioning

behavior may thus be further tuned. The latter method, which uses charged

surfactants as part of the mixed micelles, may be more convenient than using

affinity ligands, since it avoids the need to remove the ligands from the desired
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biomolecules afterpartitioning is completed.

5. Using a mixture of micelles and polymers to generate two-phase aqueous

systems

Partitioning of biomolecules has been studied in both two-phase aqueous poly-

mer and two-phase aqueous micellar systems. It will be interesting to investi-

gate partitioning in two-phase systems composed of both micelles and polymers,

since it is expected that a combination of micelles and polymers will add more

degrees of freedom for manipulating the performance of the systems. Systems

of this type include those composed of a surfactant and a polymer, or those

composed of a polymer and a block copolymer which can form micellar struc-

tures in an aqueous environment [88]. In addition, electrostatic interactions can

be exploited by utilizing ionic surfactants or polyelectrolytes to generate the

two-phase systems.

6.2.2 Partitioning of Other Solute Species

In this thesis, only biomolecules - hydrophilic proteins and viruses - were consid-

ered as the partitioning solutes. The partitioning of other materials, not necessarily

of biological origin, should also be attempted. This can not only expand the practical

utilization of two-phase aqueous micellar systems as a useful separation or concen-

tration method, but it can also aid in gaining a better understanding of some of the

fundamental mechanisms responsible for the observed partitioning behavior. A few

ideas on this issue are presented below:

1. Partitioning of other biological molecules or particles

The partitioning behavior of other biological molecules or particles, such as DNA

molecules, plasmids, cells, and cell organelles, in two-phase aqueous micellar

systems should be investigated to expand the practical utilization of two-phase

aqueous micellar systems.
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2. Partitioning of colloidal particles with different sizes

The aims here are: (1) to further investigate the size effect of the partitioning

solutes on the observed partitioning behavior when excluded-volume interac-

tions between micelles and solute particles are the dominant factor, and (2)

to provide information on kinetic effects associated with the partitioning phe-

nomenon (see Section 6.2.5). The advantage of using colloidal particles, instead

of the biological materials examined so far, is that one can control the surface

properties and size of the colloidal particles in a systematic way. Particles with

unifornt surface properties and well-controlled sizes, such as colloidal gold par-

ticles, may be used for partitioning. Possibly, from a study of this type, the

influence of particle size, micellar flexibility, micellar shape and size, and kinetic

effects on the partitioning behavior may be elucidated more simply than in the

bionmolecule cases.

3. Partitioning of biomolecules with minor differences in their chemical structures

Minor differences in the chemical structures of biomolecules, for example, a

difference in a single amino acid residue on protein molecules, or different

lengths of hydrocarbon chains which are attached to protein molecules, may

induce hanges in the micelle-biomolecule interactions and hence in the result-

ing partitioning behavior. A study of this type may elucidate various types

of micelle-biomolecule interactions in addition to those of the excluded-volume

type. In other words, it may be possible to use macroscopic partitioning results

in two-phase aqueous micellar systems to learn different microscopic interac-

tions between biomolecules and micelles, which could be very valuable from a

biochemical perspective.

4. Partitioning of materials with different hydrophobicity

As discussed in Section 1.3, in view of the dual nature of iricelles (containing

both hydrophilic and hydrophobic domains), separation of materials with differ-

ent hydrophobicity using two-phase aqueous micellar systems is expected to be

efficient and promising, and many studies have been conducted for investigating
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the partitioning behavior of hydrophobic biomolecules in two-phase aqueous mi-

cellar systems [1, 2, 3, 4, 5, 6, 8, 9]. However, very few systematic experimental

studies have been conducted on these systems, and no fundamental theoretical

work has been done to describe the partitioning behavior of hydrophobic so-

lutes in these systems. Consequently, it appears interesting to carry out more

experimental and theoretical work on partitioning of materials with different

hydrophobicity in order to improve the efficiency of two-phase aqueous micel-

lar systems as a practical method for separation or extraction of hydrophobic

materials.

5. Partitioning in Practically Relevant Systems

The partitioning studies presented in this thesis have been restricted to "clean"

systems, that is, systems composed of only one or two partitioning solutes.

On the other hand, in most situations of practical importance, separation or

concentration is usually conducted on "dirty" solutions containing many compo-

nents or solutes, such as fermentation broths, blood serum, and sewage water.

Accordingly, the application of two-phase aqueous micellar systems to these

real and "dirty" solutions to achieve desired separation or concentration results

should be investigated.

6.2.3 Developing Theoretical Formulations

Based on the derivation presented in Appendix A, the partition coefficient, K, was

expressed in terms of the interactions between the partitioning solute and micelles

and, hence, was expressed in terms of a virial series (see Eq. (A.27) ). In the case

considered in Appendix A, only the second virial coefficient, B 2, reflecting two-body

interactions, was included in Eq. (A.27). In addition, only excluded-volume inter-

actions between biomolecules and micelles were accounted for, since this was found

to be the dominant factor controlling the observed partitioning behavior. However,

other types of interactions may also be accounted for in the second virial coefficient,

B 2, in order to describe the partitioning behavior of other solutes, if these solutes
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are found to interact with micelles eCuough different types of interactions, for exam-

ple, the interactions between micelles and hydrophobic materials, or those between

charged micelles and bicmolecules. '. addition, the effect of many-body interactions,

as captured by hi, B4, ... (the third, fourth, ... virial coefficients) can also be included

in the theoretical formulation of K.

6.2.4 Investigation of Micellar Solution Structure

In this thesis, dynamic light scattering measurements were conducted to examine the

underlying micellal solution structure, as presented in Chapter 5. The information

obtained so far is limited. Additional experimental techniques, including static light

scattering and measurements of the viscoelastic properties of the micellar solutions,

should be utilized to obtain more information on the micellar architecture (shape,

size, and flexibility), as well as on the micellar solution structure. This can assist in

developing a better theoretical formulation to describe the partitioning behavior in

two-phase aqueous micellar systems, particularly in the case of larger solute particles,

such as viruses, for which the current theoretical description may need refinement.

6.2.5 Investigation of Kinetic Aspects of Partitioning

The studies presented in Section 3.5 indicate that kinetic aspects of partitioning may

play a role in the observed partitioning behavior of large particles, such as viruses.

More experimental work should be conducted to further elucidate this issue. In view

of the results and qualitative rationalization presented in Section 3.5, the following

ideas for additional experimental work come to mind:

1. Stirring both of the coexisting micellar solution phases in order to enhance

transport of partitioning solutes between the two phases.

2. Stirring the entire phase-separating solutions in order to delay the formation

of macroscopic phases and increase the contact time between the microscopic

phase domains.
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3. Partitioning particles with well-defined size differences at the same temperature

condition, as mentioned in 2 of Section 6.2.2, in order to examine how the

particle size affects the extent of kinetic effects.

One should keep in mind, however, that these types (of experiments are very sen-

sitive to many factors and artifacts (see Section 3.5.3).

6.2.6 Removal of Micelles from the Desired Materials

After partitioning in the two-phase aqueous micellar syst(ms is completed, it may

be necessary to remove micelles from the desired materials in order to further purify

these materials. A number of ideas on this issue are discussed below:

1. Dissociating micelles into surfactant monomers followed by filtration

As discussed in Section 1.3, the self-assembling nature of micelles may be utilized

to remove micelles. The surfactant monomers, usually of low molecular weigh,

should be easily removed from the desired materials by filtration.

2. Extracting micelles with organic solvents

Some studies indicate [89] that Triton X-100 (a nonionic surfactant similar to

those belonging to the CiEj series) micelles coexisting with biological molecules

in aqueous solutions can be extracted and removed by an organic solvent, with

the biological molecules remaining intact. The organic solvent used is of the

alkyl alcohol type and possesses a long hydrocarbon chain as part of its molec-

ular structure. Such long-chain alcohols are not soluble in water, and the solu-

bility of Triton X-100 in such alcohols is high. As a result, the micelles can be

efficiently removed using simple procedures. Similar methods may also be ap-

plied to remove micelles composed of other types of surfactants, such as CloE4.

3. Attaching magnetic substances to micelles for removal of micelles using

magnetic forces

Certain magnetic substances are known to be soluble in hydrophobic solvents,

and such substances could possibly be solubilized in the hydrophobic interior
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of micelles. By letting such a micellar solution flow through a magnetic field,

the "magnetic micelles" will be retained by the magnetic field, while the desired

solutes will flow away, resulting in efficient removal of micelles. In addition to

incorporating magnetic substances into micelles, one can envision using "mag-

netic surfactants" to directly generate the two-phase systems. Needless to say,

magnetic separations of this type should work best in systems in which the de-

sired solutes do not associate and form complexes with micelles, for example,

when the dominant interactions between the solutes and the micelles are of the

excluded-volume type.
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Appendix A

Derivation of Equation (2.6) in

Chapter 2

In Chapter 2, the partition coefficient of protein molecules in two-phase aqueous

micellar systems was expressed in terms of the excluded volume between a protein

molecule and a micelle, as shown in Eq. (2.6) in Section 2.3.1. In this appendix, a

detailed derivation of Eq. (2.6) is presented.

The Gibbs free energy, G, of a solution containing micelles, protein molecules, and

water (the solvent) can be written as follows [16]:

G = Gid + Gex (.1)

where Gid and G"e are the ideal and excess Gibbs free energies of the solution respec-

tively and can be expressed in terms of the solute and solvent properties as well as

the solution conditions. Specifically [90],

Gid = N,,, + N,ptt + kBT EN,(lnm, - 1) (A.2)

a a
whe Are kBTa nt, and T is the (A.3)

where kB is the Boltzmann constant, and T is the absolute temperature. The sub-
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script w denotes the properties of water (the solvent), and a denotes those of the

solutes, including protein molecules (for which a = p) and micelles of aggregation

number n (for which a = n). In Eq. (A.2), /4 and are the standard-state chemi-

cal potentials of the solvent and the solutes respectively, which depend solely on the

solution temperature and pressure. Accordingly,

E N = Np + E Nn (A.4)
a n

Z Nola = Nppp + E Nlz (A.5)
a n

In Eq. (A.2), ma = N,/N, is the molality of solute a. In Eq. (A.3), V is the total

volume of the solution. Under the assumption that the solution is incompressible, it

follows that

V = N,,Q + Na,, (A.6)

where Qfl and Q, are the volumes of a water molecule and a solute particle of type

a respectively. In Eq. (A.3), A' is the residual Helmholtz free energy denoting the

difference in the Helmholtz free energy of a system in vacuum and that of an ideal

gas, and it is a function of temperature T, total volume V, and the number of solute

particles Na (that is, Np and Nn), but is not an explicit function of N,. The explicit

form of Ares is unknown and will be derived below.

The chemical potentials of the various components in the solution can be ob-

tained by differentiating Eq. (A.1) with respect to the number of molecules of each

component. For example, the chemical potential of the solvent, w, is given by

= aW TPN (A.7)
aw (A.8)I T,P,Na

w N aN TNw V

(A T. - o kT E Cn, (A.9)
- , a
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where C, = N,,I/V is the concentration of solute a. Since Ares is a function of T, V,

and N0 , Ares depends only indirectly on N, through V (see Eq. (A.6) ). Therefore,

the differentiation of Ares with respect to N, can be expressed as follows:

( dNw( e / av T,NDA.
(A, r , av TN (A.10)

where Eq. (A.6) has been utilized. Equation (A.9) thus becomes

Al = At [( afN -T BTN C., ] (A.11)

By comparing Eq. (A.11) with the definition of the solution osmotic pressure, II

[27]:

IL - 1,w = nIQ, (A.12)

it follows that

= kBT [C k- BT -, ] (A.13)

In analogy to the ideal-gas law, P = kBT, it follows that, in Eq. (A.13), the first

term on the right-hand side represents the "ideal" contribution to H, with the second

term reflecting the "non-ideal" contribution.

In general, the osmotic pressure, HI, can be expressed as a virial series in the overall

solute concentration, C = EA Cot [91, 92]. Specifically,

H
kT E Ca + E B2,ijCiCj + B3,ijkCiCjCk + ' (A.14)aT ij ijk

where B 2,ij, B3,ijk,**. are the second, third, ... , virial coefficients, respectively. By

comparing Eqs. (A.13) and (A.14), truncated at the second-virial coefficient level, it

follows that

(- k T E B2,ijCiCj (A.15)/o-,
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(A.16)= kBT( 2 ) E B2,ijNiNj
ij

where B 2,ij is the second-virial coefficient denoting rte interactions between solutes i

and j, which may either be a rotein (p) or a micelle of aggregation number n (n).

An expression for Ares can then ie derived by integrating Eq. (A.16) with repsect to

V. This yields
1

Are., - kBT() E B2,ijNiNj
ii

(A.17)

The protein chemical potentia, pp, can be derived by differentiating the solution

Gibbs free energy, G, with respect to Np, that is,

/ aG

-II + kBThlc7 + (---)TN~+ kBT [n
=-+ ( /N. + kB TNn V

g) + + kT ln(CpQ.,) - kT E C.p
a

(A.18)

E N,,Qp (A. 19)

(A.20)

From Eq. (A.17), it follows that

aN ) =BV (2 E B 2,pn'Vn + 2B2,ppNp) - V2'( B2,ijNiNj) ' p (A.21)

where B2,n is the second-virial coefficient denoting the interaction between a protein

molecule and a micelle of aggregation number n, and B2,pp is the second-virial coeffi-

cient denoting the interaction between two protein molecules. In the case of protein

partitioning in two-phase aqueous micellar systems, since the overall protein con-

centration (Np/V) in the solution is low, the probability that two protein molecules

interact with each other is very low, that is, Np/V 0O. Accordingly, to a very good

approximation, one can set the second-virial term characterizing protein-protein in-

tcractions, which is proportional to Np/V, to zero. In this case, Eq. (A.21) simplifies

to
A res

,9Np TNn
= 2kBT B2,pCn - kBT2p E B2,ijCiC

n ij
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By inserting Eq. (A.22) in Eq. (A.20), the protein chemical potential can be written

as

p = IpP + 2kBT E B2,pnCn - kBTfp[Z Ca + E B2,ijCiCj] + kBTln(CpQf,) (A.23)
n a ij

Note that the square-bracketed term in Eq. (A.23) is exactly equal to II/kBT, as

given by the virial expansion of the osmotic pressure (see Eq. (A.14) truncated at the

second-virial coefficient level). Accordingly,

p = + 2kBT Ej B2,pnCn + kBTln(Cpf2,) - IIMp (A.24)
n

An examination of Eq. (A.24) indicates that the protein chemical potential, Ap, is

determined by (1) the standard-state protein chemical potential, /4, (2) the concen-

tration of micelles, Cn, as well as the interaction between a protein molecule and a

micelle, B2,p, (3) the protein concentration, Cp, and (4) the osmotic pressure of the

solution, II.

In the case of protein partitioning in two-phase aqueous micellar systems, there

are two coexisting and equilibrated phases, in which the micelle and protein concen-

trations are different, but the solution conditions, such as temperature T and osmotic

pressure II, are the same. At equilibrium, the protein chemical potentials in the

coexisting top (t) and bottom (b) phases should be the same, that is,

11p,t = Ip,b (A.25)

Since the standard-state protein chemical potential is only a function of temperature

and pressure, which are the same in the two coexisting phases, it follows that t =

p b.' Using Eq. (A.24) for pp,t and p,b, Eq. (A.25) thus becomes

2kBT B2,pCn,t + kBTln(C,tQ2) = 2kBT : B,pnCn,b + kBTln(,,b, ) (A.26)
n n

As mentioned earlier, since B2,pn represents the interaction between a protein molecule
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and a micelle of aggregation number n, it does not depend on the concentration of

proteins or micelles, and therefore B2,p, is the same in the top and bottom phases.

In this case, the partition coefficient, Kp, can be decauced from Eq. (A.26) as

lnKp n Cp. - _2 B,pn(Cn,t - Cn,b) (A.27)

Equation (A.27) clearly shows that the seconc-virial coefficient, B2 ,pn, needs to be

calculated in order to obtain Kp.

The second-virial coefficient is related to the interaction potential, u(f), between

a particle at position r- and another particle at position r2 , where r = r2 - F1, and is

given by [92]:

B2 = - e-U(r) - 1]df (A.28)

For example, for hard spheres of equal radius cr, the interaction potential is given by

u(r) o,= for r < 2 (A.29)
0, for r > 2a

Using Eq. (A.29) in Eq. (A.28) yields

B2 = - 1 -dr (A.30)
B =-

1
B2 = 2 U (A.31)

2

where U = 4 (2a) 3 is the excluded volume between two hard spheres. In the case

of protein-micelle interactions in the partitioning systems discussed in Chapter 2, it

was assumed that the protein molecules and the micelles are mutually-impenetrable,

non-associating, hard entities. To interpret the hard-entity interaction by following

Eq. (A.29), the protein-micelle interaction potential is essentially infinite when a

protein molecule and a micelle touch each other, and is zero when these two entities

do not touch each other. Accordingly, similar to the derivation of Eq. (A.31), the

second-virial coefficient associated with the hard-body protein-micelle interaction,
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B 2,pr, is given by

B2,pn = Un,p (A.32)

where U,,p is the excluded volume between a protein molecule and a micelle of aggre-

gation number n. Using Eq. (A.32) in Eq. (A.27), the partition coefficient, Kp, can

be obtained as

InKp = - Un,p(C, t- C,b) (A.33)
n

Kp = exp [-U,p(C,t - Cn,b)] (A.34)
n

Kp = exp np Nnt _Nnb) (A.35)

where Nn,t and Nn,b are the numbers of micelles of aggregation number n in the top

and bottom phases respectively, and Vt and Vb are the volumes of the top and bottom

phases respectively. Note that Eq. (A.35) is precisely Eq. (2.6) given in Section 2.3.1.

In order to further simplify the Kp expression, Eq. (A.35) can be writteD as

fitKp = (A.36)

Nnt (A.37)where ~ = exp -- Unp (A.37)

and Q represents the excluded-volume contribution to Kp front each of the two co-

existing phases. Note that Eqs. (A.36) and (A.37) are precisely Eqs. (2.4) and (2.5)

given in Section 2.3.1. Note also that ft, fb, and fQ, (volume of a water molecule),

fQ (volume of a solute of type ao) have very different meanings and should not be

confused.

The association of the protein partition coefficient, Kp, with the second-virial

coefficient, B2,p, as expressed in Eq. (A.27), suggests that the protein partition be-

havior driven by non-excluded-volume type protein-micelle interactions can also be

predicted from Eq. (A.27) by using the B2,p,, expression corresponding to the specific

type of interaction considered.

In addition to the above derivation, it is noteworthy that, by including more terms
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in the virial expansion, as shown in Eq. (A.14), into Eq. (A.16), for example,

aAres 

aS T,Na
= kBT ZE B 2,ijCiC + kBT B3,ijkCiCjCk

ij ijk

it is possible to model the effect of more complicated many-body interactions, such

as those resulting between a protein molecule and two micelles, on the protein parti-

tioning behavior.
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Appendix B

Bacteriophage Concentration

Determination

This appendix describes detailed experimental procedures of the biological activity

assay, which is used in this thesis for determining the bacterioplage concentrations

(see Section B.1), as well as a discussion on the possible sources of the error in the

virus concentration determination (see Section B.2).

B.1 Procedures Involved in the Biological Activ-

ity Assay

1. Preparation before conducting the assay

Some materials, such as the host bacteria and the agar plates, need to be pre-

pared before conducting the biological activity assay. Details of the preparation

procedures include:

(a) Growing the host bacteria for plating with viruses. See Appendix D for

complete details.

(b) Preparing the agar plates.
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This involves pouring hot "hard agar" (in liquid state) into sterilized dis-

posable petri dishes. Each dish should contain at least 30 mL of the hard

agar. These dishes (or "plates") are then cooled down at room tempera-

ture at least overnight to allow the agar to gelate and solidify before use

(see Appendix E for the composition of "hard agar").

(c) Prepare the "soft agar."

"Soft agar" (in solid form at room temperature) is heated up in a mi-

crowave oven until it boils. 2.5 mL of the liquid soft agar is then trans-

ferred into each of the test tubes which are kept in a constant temperature

hood at 460C (see Appendix E for the composition of "soft agar").

2. Conducting a serial dilution of the virus solution

This involves consecutively conducting several dilution steps, each yielding a

1:100 or 1:10 dilution. The 1:100 dilution is conducted as follows:

(a) The solution whose virus concentration needs to be determined (the "orig-

inal solution") is vortexed to achieve thorough mixing.

(b) 0.05 mL of the solution is withdrawn using a 0.1-mL sterile pipet by mouth-

pipeting method. The pipet is then wiped against the mouth of the test

tube to ensure that no solution remains on the outside in order to avoid

transferring more than 0.05 mL of the solution in the next step.

(c) 0.05 mL of the solution in the pipet is transferred into another test tube

containing 5 mL of the fresh dilution fluid by blowing in the pipet lightly to

ensure that all the solution in the pipet is transferred into the dilution fluid

(see Appendix E for the composition of the dilution fluid). The solution

is then vortexed.

In the case of a 1:10 dilution, the only difference with the above mentioned

procedures is in the amount of solution withdrawn and in the amount of dilution

fluid needed. Specifically, in step (b), a 1-mL pipet is used to extract 0.5 mL of

193



the solution; in step (c), 0.5 mL of the solution in the pipet is transferred into

4.5 mL of the dilution fluid.

One dilution step is completed by conducting steps (a) - (c) described above. If

additional dilution steps are needed, steps (b) and (c) are implemented again on

the solution obtained in (c), with a new and fresh dilution fluid used in (c). The

final one or two solutions resulting from a dilution series are used for plating

(see the next step).

3. Plating the virus solutions

0.1 mL of the solution, usually the final one of a dilution series, is withdrawn and

mixed with host bacteria and soft agar, and the resulting mixture is incubated

on the agar plate for generating plaques. This step is usually called '"plating",

and the details are as follows:

(a) Two drops of the plating bacteria solution (see Appendix D for preparation

procedures) are added into a test tube containing 2.5 mL of the heated soft

agar solution kept in the constant temperature hood of 46°C. Note that

since the temperature, 460°C, is too high and thus fatal to bacterial cells,

the two drops of bacteria solution should be added into the soft agar only

immediately prior to adding the virus solution, so that the bacterial cells

do not remain at the high-temperature condition for too long, and their

viability can therefore be maintained.

(b) The virus solution to be plated is vortexed. 0.1 mL of the virus solution is

withdrawn using a sterile 0.1-mL pipet and transferred into the soft agar

solution in (a).

(c) The agar solution is vortexed briefly to achieve through mixing and then

poured into an agar plate. The plate is then swirled to enable the soft agar

solution to spread uniformly in the agar plate.

It is noteworthy that since agar solutions solidify and form gels at room

temperature, handling of the soft agar solution after it is taken out of the
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46°2 hood should be performed quickly.

4. Incubating the plate overnight

After the agar plates obtained in step 3 are kept at room temperature for abcut

15 - 30 minutes to allow the soft agar to solidify or "dry," the plates are inverted

and. placed in the 300C incubator overnight. The purpose of inverting the plates

and keeping the agar layer on the top is to prevent the plaques generated Ir.

the agar layer from being smeared off by moisture condensation in the plate.

5. Counting the number of plaques generated on the agar plates

On the neat day, the number of plaques on each plate is counted using a dark-

field colony counter. In this device, the plaques appear as dark holes in the

brightly illuminated bacterial layer on the agar plates. An automatic recording

counting apparatus on the colony counter operates an electric recorder as it

marks each plaque. After all the plaques in a plate are marked, the number of

plaques can be obtained.

6. Calculating the virus concentration in the original solution

According to the number of plaques counted in step 5, and the number and types

of dilution steps performed in step 1, the virus concentration in the original virus

solution can be calculated. For example, if a virus solution has undergone two

1:100 dilution steps before plating, and the number of resulting plaques on the

agar plate is 200, the virus concentration in the original solution is

200 x (100) 2 x 1 (phage particles/mL)
0.1mL

Note that the division by 0.1 mL reflects the fact that the number of plaques on

the agar plate represents the number of uhage particles in 0.1 mL of the final

diluted solution (see step 3).

Usually, two or three sets of serial dilution were performed on one solution whose

virus concentration was to be determined, and hence at least two or three plates were
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made, in order to obtain a higher accuracy in determining the virus concentration in

that solution.

The typical error of the biological activity assay is 20 - 30%. Therefore, counting

results differing by about 10% are usually considered as being the same.

For a more detailed description of this assay, see Reference [93].

B.2 Possible Sources of Error in the Virus

Concentration Determination

As mentioned in Section 3.3.2, the biological activity assay is a fairly accurate method

for determining virus concentrations, but this assaying method is also sensitive to

many factors, some of which are associated with the experimental operations. Possible

sources of error in the determination of virus concentrations are discussed below:

1. The two coexisting micellar phases are mixed while being withdrawn after

partitioning

This will result in withdrawal of part of the other phase together with the

desired phase. This sometimes occurs when the top phase of the two-phase

aqueous CloE4 micellar system is withdrawn. Since, in the CloE4 micellar

system, the top phase is more concentrated and viscous than the bottom phase,

the interface between the two liquid phases is easily disturbed while the top

phase is withdrawn. It is therefore possible to take out part of the bottom

phase together with the top phase solution. This may result in a more serious

problem in the virus partitioning experiments, since the virus concentration in

the bottom CloE4 phase is about 3 orders of magnitude higher than that in the

top CloE4 phase. Consequently, accidentally mixing the two phases, even to a

small extent, may cause serious error in determining the virus concentrations,

particularly in the top phase of the CloE4 two-phase micellar system.

To avoid this type of error, one has to be very cautious while withdrawing the

phase solutions after partitioning.
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2. The graduations on the pipets are not accurate

Typically, on a pipet, only the largest amount is calibrated, and the others

presenting smaller amounts are marked merely by equally dividing the length

of the pipet. For example, in a 0.1-mL pipet with graduations marked for

each 0.01 mL, only the 0.1-mL mark is calibrated and reliable, while the other

graduations may not be accurate at all. As a result, the amouut of solution

which is measured to the 0.05-mL mark on the 0.1-mL pipet may not be exactly

0.05 mL, thus introducing error in the serial dilution procedure of the biological

activity assay (see Section B.1).

This factor usually does not constitute a serious problem, bt one should be

aware of the limitations of the measuring instruments. For instance, for mea-

suring 0.1 mL of a solution, a 0.1-mL pipet should be used, rather than using

the 0.1-mL mark on a 1-mL pipet.

3. The solution remaining on the outside of pipets is not wiped off

This will make the amount of the virus solution transferred to the next test

tube more than expected, resulting in the determined virus concentration being

higher than the actual value. Specifically, the amount of virus solution taken

out by a 0.1-mL pipet is typically 0.05 mL, which is very small, and hence the

quantity of solution staying on the outside of the pipet cannot be ignored. In

addition, since the top micelle-rich phase solutions are usually more viscous

than typical aqueous solutions, top-phase solutions may cause a more serious

problem. Consequently, one has to ensure that the solution remaining on the

outside of the pipet is wiped off before transferring the content in the pipet into

another test tube, and this can be done either by wiping the tip of the pipet

against the mouth of the test tube from which the solution is withdrawn, or by

using a clean tissue paper to wipe off the solution (although the latter is not

recommended by biologists).
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4. The time spent on vortexing the solution is not consistent in serial dilution

The vortexing time of virus solutions will affect the uniformity of the solutions,

from which aliquots will be withdrawn either during the dilution step or for

plating. Vortexing each of the solutions for about the same amount of time is

hence important, since this can ensure the consistency of uniformity in each of

the solutions. This factor, however, does not constitute a serious problem.

5. Host bacteria are not fresh and healthy

After being prepared, the host bacteria begin to degrade, and the cell density

in the solution starts to decrease. If the host bacteria are not freshly-prepared,

there are always some cells which are not healthy and viable, and the bacte-

riophage particles adsorbed onto such cells will not be able to generate clear

plaques. The efficiency of plating viruses will therefore be reduced. This con-

stitutes a more serious problem for large bacteriophages which usually generate

small plaques, such as T4. Accordingly, only fresh cultures of bacteria should

be used for plating.

Typically, fresh and healthy cells will be suspended in the nutrient broth, and,

as a result, the cell solution in the dropper bottles (for plating viruses, see

Appendix D) looks turbid. As time goes on, some of the cells die and precipitate

to the bottom of the bottle, and the turbidity of the solution will decrease

gradually. This loss of turbidity is a clear indication that the bacteria are not

healthy and fresh. Usually, the plating bacteria kept in dropper bottles are

considered fresh within one week after preparation. A new batch of plating

bacteria should be prepared each week to ensure that the bacterial cells are

fresh and healthy for plating viruses.

6. The agar plates are not fresh

After being kept at room temperature for more than one week, the hard agar in

the agar plates will be dried and become wrinkled. Bacteria will not grow well

on such agar plates, resulting in fussy phase plaques or low plating efficiency.
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Therefore, fresh asr plates should be used for plating, or the agar plates should

be consumed within one week (but not exceeding two weeks) after they are

prepared.
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Appendix C

Stability Test of Bacteriophages

Details of the stability test of the bacteriophages, P22, T4, and OX174, are presented

in this appendix. This includes the solution conditions examined, experimental pro-

cedures, and a discussion of the results.

C.1 Solution Conditions Examined

The solution conditions used for testing the stability of each of the three bacterio-

phages are described below:

* P22 and T4

Both P22 and T4 require the presence of magnesium ions (Mg+2) in order to

be stable in solutions. Accordingly, the stability of these viruses is tested in the

following solution conditions:

1. Dilution fluid (see Appendix C for its composition). Since the dilution

fluid contains 2mM Mg+2, it constitutes the most stable and "friendly"

environment for P22 and T4. This is also the fluid in which P22 and T4

are typically stored.

2. Dilution fluid + 2mM EDTA. Since EDTA chelates or binds magnesium

ions, it reduces the concentration of available Mg+2 in the solution. With-

out sufficient Mg+2 in the solution, P22 or T4 particles are not stable and
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may eventually decompose. Accordingly, this solution condition represents

the most unstable condition for P22 and T4.

3. pH 7 McIlvaine buffer.

4. 10 wt% C1oE4 in pH 7 McIlvaine buffer.

5. pH 7 McIlvaine buffer containing 2mM Mg+2 .

Note that solution conditions 3 - 5 are needed in order to examine the stability

of P22 and T4 in the phase separating micellar systems.

* X174

qX174 does not require the existence of any specific ions to be stable in solutions.

In addition to the solution conditions 1, 3, and 4, as described above, the qX174

stability in solutions having different CloE4 concentrations was also tested, since

the X174 concentration in the CloE4 solution after incubation overnight was

found to be lower than those in other solution conditions. Hence, the effect of the

surfactant, specifically that of different surfactant concentrations, on the qX174

stability was further tested. Specifically, the following solution conditions were

examined:

1. pH 7 McIlvaine buffer.

2. 1 wt% CloE 4 in McIlvaine buffer.

3. 4 wt% CloE 4 in McIlvaine buffer.

4. 10 wt% CloE4 in McIlvaine buffer.

Note that, although X174 does not require Mg+2 ions to be stable in the

solution, the dilution fluid is still used for dilution purposes.

C.2 Experimental Procedures

1. 1.5 - 2 mL of each of the solution conditions described in Section C.1 is prepared.
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2. The original concentrated virus solution is added in each of the solutions pre-

pared in step 1, followed by thorough mixing. The resulting virus concentration

in each solution is of the order 107 . 108 virus particles/mL. Note that this virus

concentration is about the same as that used for the partitioning experiments.

3. A 0.05 mL aliquot of each of the virus solutions prepared in step 2 is withdrawn

and transferred into a test tube containing 5 mL of the dilution fluid. This step

is implemented in order to: (1) "quench" the possible detrimental effects of each

solution condition on the virus, and (2) obtain a 1:100 dilution of these solutions,

such as in step 2 (a) in Section 3.3.2.2. In order to assess the possible variation

of the virus concentration with time, the 0.05 mL aliquots are withdrawn at

various time intervals. For example, the time intervals adopted are listed below:

5 minutes (or immediately after mixing), 15 minutes, 30 minutes,

1 hour, 2 hours, 4 hours, 6 hours, 8 hours, and overnight.

Consequently, after completing this step, there are nine solutions for each of the

solution conditions described in Section C.1.

4. The virus concentration in each of the nine solutions obtained in step 3 is

determined as soon as possible. This concentration determination is conducted

for each solution condition described in Section C.1 using the biological activity

assay described in Section B.1 of Appendix B.

5. The measured virus concentrations versus time are plotted for each of the solu-

tion conditions in order to examine the virus stability and viability in each of

these solution conditions.

C.3 Results and Discussion

Results of the stability test for each of the three bacteriophages examined are dis-

cussed below:
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1. P22

Figure C-1 shows the P22 concentration in each of the solution conditions ex-

amined as a function of testing time. The P22 concentrations presented in

Figure C-1 are normalized with respect to the initial P22 concentration, whi:l,

is obtained at the 5-minute interval after adding P22 into that specific soli.

tion condition. The reason for examining the variation of the "normalized"

P22 concentration with time, rather than that of the actual P22 concentration

with time, is that, inevitably, the initial P22 concentrations in the five solu-

tion conditions (described in Section C.1) may be different from each other.

By normalizing the P22 concentrations in a specific solution condition with .re-

spect to the initial P22 concentration in that solution condition, the variation

of the virus concentration with time can be compared and contrasted to those

corresponding to different solution conditions. Since, after 5 minutes, the P22

particles should not be affected by any possible damaging factors in the solu-

tion to any significant extent, the P22 concentration obtained at the 5-minute

interval should represent the initial P22 concentration and is therefore used as

the "standard" for normalization. Note that this implies that the initial nor-

malized concentrations in all the solution conditions examined are unity (see

Figure C-1).

In Figure C-1, only the initial concentrations, and those obtained at 5-minute,

1-hour, 4-hour, and overnight intervals are shown. Most of the normalized P22

concentrations are in the range of 1.00.5, indicating the existence of fluctua-

tions in the P22 concentrations at different solution conditions during the tested

period of time. These fluctuations may reflect (1) an error in the P22 concentra-

tion determination, which can induce both positive and negative fluctuations,

or (2) a reduction in the P22 concentrations due to the detrimental effect at

certain solution conditions, which can lead to a decrease in the P22 concentra-

tions. However, since the measured normalized P22 concentrations were found

to be in the range of 1.0i0.5, fluctuations in the P22 concentrations can still
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Figure C-1: Normalized P22 concentrations in various solution conditions as a func-
tion of testing time. The normalization is conducted with respect to the initial P22
concentration in each of the solution conditions. The symbols represent various so-
lution conditions: (0) dilution fluid, () dilution fluid with 2mM EDTA, (A) pH 7
McIlvaine buffer, (o) 10% CloE4 in pH 7 McIlvaine buffer, and (V) pH 7 McIlvaine
buffer with 2mM Mg+2. The dashed horizontal line at a normalized concentration of
unity is shown for reference purposes.
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be considered reasonable.

The P22 concentrations in the EDTA solution (Solution 2, ), in the pH 7

McIlvaine buffer (Solution 3, A), and in the buffer solution containing Mg+2

ions (Solution 5, V) appear to decrease with time. Nevertheless, more than half

of their initial concentrations are still retained after overnight incubation. This

observed decay by a factor of about 2 in the P22 concentration after overnight

incubation is considered by biologists to be a natural decay. In other words,

the observed decay does not reflect any significant detrimental effect, and hence

should not be viewed as being serious (this was stressed by Professor King). The

decay should be considered significant if the concentration of virus particles is

reduced by a factor of 10 after overnight incubation. Such a large decay may

indeed denote the existence of damaging effects on the virus particles. However,

it is expected that, since the given partitioning result reflects a ratio of virus

concentrations in the top and bottom phases, the effect of the decay rate should

cancel out, thus having a minimal influence on the partitioning results.

Note that the normalized P22 concentrations in the dilution fluid (0) seem to

be quite high - about 2.25 at the 1-hour interval and then decreasing to about

1.4 after overnight incubation. These high P22 concentrations, as compared to

that of the initial condition, may have been caused by an inaccurate determi-

nation of the initial P22 concentration at this solution condition. The reason is

probably a lack of thorough mixing before withdrawing out the solution sample

for concentration determinations. Note that even if the highest concentration

(2.25 at the 1-hour interval) was used as the "standard" for normalization, the

final P22 concentration after overnight incubation (1.4 in Figure C-1) would be-

come about 0.6, which is still in the range of reasonable fluctuations (1.0±0.5).

It can therefore be concluded that, since all the normalized P22 concentrations

are of order unity (in the range of 1.0±0.5), they can be assumed to be es-

sentially the same. This, in turn, suggests that no significant damaging effects

are induced by either the McIlvaine buffer or the CloE4 surfactant on the P22
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virus particles. This also implies that P22 is a very stable virus in the solution

conditions tested. Additional tests also revealed that the P22 concentration in

the CloE4 solutions incubated overnight did not change very much when these

solutions were kept in the refrigerator. Accordingly, it can be assumed that it

is safe to leave P22-C1oE4 surfactant solutions stored overnight. In view of this,

the P22 partitioning experiments were conducted overnight, with the biological

activity assay for measuring P22 concentrations conducted on the next day.

2. T4

Figure C-2 shows the normalized T4 concentrations in various solution condi-

tions as a function of testing time. Within the first 8 hours, the normalized T4

concentrations were found to be of order 1 (in the range of 1.0±0.4). However,

after overnight incubation, the T4 concentrations in all the solution conditions

examined were found to reduce to lower than one half of the original concen-

trations. Although this reflects primarily the natural viral decay, this finding

suggests that the assay of T4 concentrations should be completed within the

same day of the partitioning experiments. Since it usually takes 3-4 hours to

conduct the biological activity assay, the time involved in T4 partitioning ex-

periments should not exceed 4-5 hours.

3. qX174

Figure C-3 shows the normalized bX174 concentrations as a function of testing

time in McIlvaine buffer with CloE4 concentrations of 0, 1%, 4%, and 10%.

Similar to Figure C-2, all the normalized X174 concentrations were found to

be of order 1 (1±0.5) within the first 8-hour period in all the solution condi-

tions examined. However, beyond the 8-hour period, a reduction of the X174

concentrations to about or lower than one half of the original concentrations

was observed after overnight incubation. Nevertheless, as discussed in the T4

case, no significant effect of the surfactant concentrations on the X174 stabil-

ity was observed. As in the T4 case, the assay of qX174 concentrations should

be completed in the same day of the partitioning experiments. In other words,
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horizontal line at a normalized concentration of unity is for reference purposes.
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the partitioning experiments involving qX174 should be conducted for no more

than about 4 - 5 hours.

By comparing the results of these three bacteriophages, it can also be concluded

that P22 possesses a somewhat higher stability than T4 and qX174.
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Appendix D

Procedures for Growing Host

Bacteria

Detailed procedures for preparing the host bacteria for plating viruses are described

in this appendix. In principle, the bacteria are grown in the water bath set at the

desired temperature overnight, with air bubbling through the cell solution, followed

by centrifugation to concentrate and harvest the cells. The medium used for the

bacteria culture varies with the bacteria species, but the Luria Broth (LB) is used

for growing both Salmonella (the host bacteria of P22) and Escherichia coli B (the

host bacteria of qX174 and T4). The ideal temperature for growing both bacteria is

35-37 0 C.

D.1 Growing the Bacteria Source Solution

("Overnight")

This is for preparing a concentrated cell solution from a bacteria colony (on an agar

plate), and this solution is used as the source for growing the plating bacteria (see Sec-

tion D.2). This concentrated bacteria solution is usually referred to as the "overnight."
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1. Preparing the growing medium

Two culture solutions are prepared by pouring the medium (LB) into sterile

test tubes, filled up to about 1/4 or 1/5 of the test tube volume. The test

tubes used are of the type having a cap with a long thin glass tube inserting

through the cap and stretching into the test tube. One of the solutions is used

for growing bacteria, and the other is used as a "control" for checking whether

the medium or the test tube is contaminated by other species. The growth

of microbials is evidenced by the high turbidity of the medium solution after

overnight incubation (see step 3 below).

2. Introducing the bacteria colony into the growing medium

(a) A capillary tube is used to take out a bacteria colony from the agar plate on

which the desired bacteria species grow. Typically, a small, round colony

is favorable, and the "suspicious" colonies which are located out of the

tracks of the cell should not be used, since such colonies may come from

other species contaminating the plate. The capillary tube is inserted at

the location of the desired colony into the bottom of the agar plate, and

the tube is pulled out with the bacteria colony and agar inside.

(b) The bacteria colony is then transferred into the medium solution by blow-

ing air into the capillary tube to force the colony and agar to come out

and fall into the test tube. One should ensure that the colony and agar

stay in the medium solution instead of sticking to the test tube wall.

3. Incubating the bacteria overnight

The two test tubes containing the medium solution are subsequently placed in

the water bath set at 35 - 37°C. Clean air is supplied to both solutions through

the thin glass tubes on the caps of the test tubes. The ideal way to supply

air to the culture medium is to make air flow gently along the wall of the test

tubes. Vigorous bubbling should be avoided since it will cause overflow of the
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solutions and loss of the bacteria. The two solutions are kept at this condition

overnight.

4. Stopping cell growth on the next day

On the next day, the two test tubes are taken out from the water bath and

transferred into ice to quench further cell growth, with the air supply still turned

on, for 20-30 minutes. The condition of the medium in the "control" tube

should be examined. It is desirable that this medium be clear, indicating that

no other microbials originally existed in the medium or test tube which may

have contaminated the bacterial culture. The test tube containing the bacteria

should look turbid because of the high cell concentration.

The cell concentration in this cultured medium is of order 1010 - 1011 cells/mL.

The concentrated bacteria solution is stored in the refrigerator, and usually it should

last for at most two weeks.

D.2 Growing the Plating Bacteria

The following steps are for preparing the cell solution in a dropper bottle for plating

with the virus. This cell solution is prepared from the concentrated bacteria solution

("overnight") described in Section D.1.

1. Growing bacteria in the water bath

(a) 3 mL of the concentrated bacteria solution (see Section D.1) is withdrawn

with a sterile pipet and transferred into a bottle containing 300 mL LB

broth. A cap with a thin glass tube inserted through it (such as those used

with the test tubes in Section D.1) is placed on the LB broth bottle.

(b) The bottle (containing bacteria and growing medium) is then placed in the

water bath set at 35 - 37°C, with clean air supplied to the solution, as in

step 3 of Section D.1. The solution is then incubated for 2-3 hours or until

the solution becomes sufficiently turbid. The cell growth is then stopped
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by placing the bottle in ice, with air still flowing through the solution, for

20-30 minutes.

2. Centrifuging to harvest the bacteria

(a) The cell solution is poured into two centr;f ige bottles (plastic, 250 mL,

8 oz.).

(b) The two centrifuge bottles are weighed on a aalance. The amounts of the

cell solutions in the two bottles are adjusted by pouring the contents of

the two bottles back and forth to make the final weights of the two bottles

the same. Subsequently, the two bottles are closed tightly with their caps.

(c) The two bottles are placed in the refrigerated centrifuge (whose tempera-

ture is set at about 4°C) to be centrifuged at a spinning speed of 5000 RPM

for 10 minutes.

3. Resuspending the bacterial cell after centrifugation

(a) After being taken out of the centrifuge, the supernatant in the two cen-

trifuge bottles is poured into the original LB bottle used for cell growth.

(b) 12.5 mL of the fresh LB broth is added into each of the two centrifuge bot-

tles. The centrifuge bottles are vortexed or vigorously shaken to suspend

the pellets (concentrated cells) in the LB broth. One has to ensure that

the pellets are uniformly suspended, and that no aggregates or lumps of

cells exist in the broth.

(c) The cell suspension is poured from the centrifuge bottles into a dropper

bottle. The resulting solution is the cell solution used for plating the virus

in the biological activity assay (see Sections 3.3.2 and B.1 of Appendix B).

The cell concentration in the resulting bacteria solution is of order 109 cells/mL.

This bacteria solution has to be stored in the refrigerator, and generally it should last

for about a week.
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Appendix E

Recipes for Preparing Various

Media and Solutions Used

in the Biological Activity Assay

This appendix describes the recipes and methods for preparing 1 L of the media or

agar solutions in the biology laboratories, in particular, the media and solutions used

in the partitioning experiments. In the Department of Biology at M.I.T., most of the

media and solutions are prepared by those working in the media room. Therefore,

all the media or solutions used in the biological activity assay for the partitioning

experiments are from the media room.

1. Luria Broth (LB)

Material

Tryptone

Yeast Extract

NaCl

1N NaOH

Water

Amount

10 g

5g

5g

4 mL

Concentration

1%

0.5%

0.5%

4 mM

1L

After being well mixed, the LB broth is sterilized at 20 psi and 250°F for 30 -

40 minutes.
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2. Dilution Fluid (DF)

Material

Tryptone

NaCl

MgSO 4 -7H20

Water

Amount

1 g

7g

20 g

1L

Concentration

0.1%

0.7%

2%

After being well mixed, the dilution fluid is sterilized at 20 psi and 250°F for

30 - 40 minutes.

3. Hard Agar

This is the agar solution used for

this solution is 1%.

Material

Tryptone

Yeast Extract

NaCl

1N NaOH

Agar

Water

preparing agar plates. The agar content in

Amount

10 g

5g

5g

1 mL

10 g

1L

First, the agar is heated for 30 minutes in

other ingredients. After being well mixed,

psi and 250°F for 40 - 45 minutes.

Concentration

1 %

0.5%

0.5%

1 mM

1%

order to be melted and mixed with

the agar solution is sterilized at 20

Typically, 30 mL of hard agar is poured into one petri dish to generate an agar

plate. In the case of OX174, since Ca+2 ions are required for generating bX174

plaques on agar plates, 2 mL of 1.0 M CaC12 is added into 1 L hard agar before

being poured for preparing agar plates.
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4. Soft Agar

This is the agar solution used for mixing with bacteria and viruses and for

forming the top agar layer on an agar plate. The agar content in this solution

is 0.65%, lower than that in the hard agar.

Material Amount Concentration

LB Broth 8 g 0.8%

NaCl 5 g 0.5%

Agar 6.5 g 0.65%

Water 1 L

Similar to the hard agar solution, the agar is heated for 30 minutes to be melted,

and the resulting solution is sterilized at 20 psi and 250°F for 40 - 45 minutes

after being well mixed.
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