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Abstract

Several biotechnological applications require the separation of proteins from viruses.
These include large-scale industrial applications, such as viral clearance and production of
gene delivery viral vectors, as well as small-scale academic applications, such as preparative
biochemistry. A readily scalable unit operation that is capable of separating proteins from
viruses is therefore desirable. One unit operation that has been proven to be scalable in
the chemical industry is liquid-liquid extraction. However, conventional oil-water solvents
cannot be used because nonpolar solvents tend to denature biomolecules. This thesis there-
fore focused on using two-phase aqueous micellar systems for the liquid-liquid extraction,
since both the micelle-rich and micelle-poor phases are predominantly composed of water.
The objective of this thesis was to develop a fundamental understanding of protein and viral
partitioning in two-phase aqueous micellar systems.

This thesis was comprised of two directions, Directions A and B, that were investi-
gated simultaneously. In Direction A, studies were conducted to identify the mechanisms
responsible for the observed discrepancy between the experimentally measured viral parti-
tion coefficients in the two-phase aqueous nonionic CioE4 micellar system and those that
were predicted based on the excluded-volume theory developed previously by our group. By
identifying any additional mechanisms influencing viral partitioning, it may be possible to
eliminate these mechanisms in the future to yield the extreme viral partition coefficients pre-
dicted by the excluded-volume theory. This, in turn, will enhance the separation of protein
from virus.

Competitive inhibition and partitioning studies were conducted to investigate possible
attractive interactions between the C;oE4 micelles and the tailspikes/capsids of bacterio-
phage P22 (model virus). These possible attractive interactions were investigated because
they could counter the effect of the excluded-volume interactions. However, the attractive
interactions between the bacteriophage P22 particles and the C;oE4 micelles were found to
be negligible.

An experimental study was also performed to examine whether all the micelle-rich and
micelle-poor domains that are formed at the onset of phase separation are in their corre-
sponding macroscopic phases prior to quantifying the viral concentrations in the two phases.
In this study, the entrainment of micelle-poor domains in the top, micelle-rich phase was



found to be the key factor influencing the partitioning behavior of viruses. In addition, a
new theoretical description of partitioning was developed that combines the excluded-volume
theory with this entrainment effect. Good agreement between the measured and the pre-
dicted viral partition coefficients was attained. It was therefore concluded that the primary
mechanisms governing viral partitioning are the entrainment of micelle-poor domains in the
top, micelle-rich phase and the excluded-volume interactions between the viruses and the
micelles.

Direction B centered around the less optimistic point-of-view that the viral partition co-
efficients could not decrease and approach the extreme viral partition coefficients predicted
by the excluded-volume theory. However, even with the viral and protein partition coef-
ficients that had already been achieved in the two-phase aqueous CioE; micellar system,
the virus was excluded more strongly than the protein into the bottom, micelle-poor phase.
Accordingly, the volume ratio was varied in order to attain a 75% yield of lysozyme (model
protein) in the top phase and a 97% yield of bacteriophage P22 in the bottom phase.

To further increase the yield of protein in the top phase, another mode of interaction was
introduced to attract the protein into the top, micelle-rich phase. Specifically, a two-phase
aqueous mixed (nonionic/ionic) micellar system was formed by the addition of the anionic
surfactant SDS to CjoE4. An experimental study was conducted to demonstrate proof-of-
principle that two-phase aqueous mixed (nonionic/ionic) micellar systems could indeed be
used to modulate both electrostatic and excluded-volume interactions between the proteins
and the micelles. A theory was also developed and found to provide reasonable quantitative
predictions of protein partition coefficients in these mixed micellar systems.

An important benefit of this theory is to provide guidelines for optimizing the protein
partition coeflicient without any required experimentation. As an example, the effects of
three experimentally controllable variables (the solution pH, the ionic strength, and the
distance from the end of the hydrocarbon tail to the charge of the ionic surfactant) on the
protein partition coefficient were examined in a 23 factorial design, and a response surface
for the protein partition coefficient was generated. The theory was also extended to include:
(1) ionic surfactants having charges located beyond the hydrophilic heads of the nonionic
surfactants, and (ii) zwitterionic surfactants in place of the nonionic surfactants.

Different two-phase aqueous mixed (“noncharged” /ionic) micellar systems were investi-
gated experimentally regarding their ability to separate protein from virus using C;oE,4 and
the zwitterionic Cg-lecithin surfactant as “noncharged” surfactants, and SDS and SDEsS as
ionic surfactants. The addition of an ionic surfactant into the “noncharged” micellar system
improved the separation of lysozyme from bacteriophage P22 in all cases. In particular, it
was possible to increase the yield of lysozyme in the top phase from 75% to 95%, while
maintaining the same yield of bacteriophage P22 in the bottom phase.
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Chapter 1

Introduction

1.1 Applications Involving the Separation of Proteins

from Viruses

Several biotechnological applications require the separation of proteins from viruses.
With regard to viral clearance, an industrial downstream process must be validated for
its ability to inactivate and/or remove viruses from a desired therapeutic protein. In the
case of gene therapy, a recombinant virus capable of delivering nucleic acids into cells must
be produced industrially and separated from proteins in a fermentation broth. With regard
to preparative biochemistry, a gentle preparative method for isolating biologically active
viruses from a solution containing proteins can aid in characterizing the viruses, which may
otherwise be rendered inactive by standard academic laboratory techniques. Sections 1.1.1,

1.1.2, and 1.1.3 provide more details regarding these applications.

1.1.1 Viral Clearance

Inactivation and/or removal, that is, clearance,! of mammalian viruses from therapeutic
proteins represents a major challenge in the biotechnology industry. A cell culture solution
containing a therapeutic protein may contain endogenous retroviruses (that is, retroviruses
that originate from within the cells) and/or adventitious viruses (that is, viruses accidentally
entering from the environment).!® Adventitious viruses could be present in the cell culture
solution if the media is contaminated during formulation and handling. The media might
also be contaminated if it contains serum from an infected animal.>™

Each downstream purification scheme must therefore be validated in its ability to clear
viruses. This is a portion of the overall viral safety package, which also includes testing of
the unprocessed bulk and control of the sources of raw materials. Viral validation studies

serve the purpose of: (i) proving that the downstream purification scheme can achieve a
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certain reduction in retroviruses that are determined to be in the cell culture solution, anc
(ii) demonstrating that the same process is robust enough to clear a range of viruses that are
not suspected to be in the solution.? In the validation studies, a scaled-down version of the
significant viral clearance steps in the actual purification scheme is set-up in a laboratory at ¢
special test facility. Into this model of the purification process, certain viruses are introduced
and assayed at different steps to determine the amount of viral clearance achieved in each
step.b* Viral clearance or reduction is usually reported in logy of viruses cleared. The logc
of viral clearance for a downstream purification process is generally evaluated by summing
the logyg of viral clearance (LV'C) for each significant step tested in the validation studies,

which is given by the following relation:!*5

(% X Cv,O)

LVC =log (Vf <o)

(1.1)
where Vj and V; are the volumes of the solution before and after a particular step, respec-
tively, and Cyp and C,; are the viral concentrations before and after a particular step,
respectively. With regard to the retroviruses, the log;y viral safety margin is evaluated as
follows. Retroviral assays are first performed on the unprocessed bulk, which corresponds
to “one or more pooled harvests of cells and culture media”! that will become one lot of
product.® Sometimes, only the unpurified supernatant, or conditioned medium without cells,
is treated as the unprocessed bulk.” The amount of retrovirus that could theoretically be
present in one dose of product is evaluated based on the results of the retroviral assays and
an estimation of the volume of unprocessed bulk that will eventually become one dose of
product. To ensure maximum safety, this amount of retrovirus must be inactivated and/or
removed in addition to an added safety margin of 3 to 6 logjo as recommended by the FDA.'#
If no retroviral particles are detected, the FDA recommends assuming that 1x10° retroviral
particles/mL are in the unprocessed bulk.® If any adventitious viruses are detected, the
unprocessed bulk is automatically discarded.” However, model adventitious viruses must
still be tested in the validation studies representing a range of potential viruses in terms of
nucleic acid, size, and envelope. No standard currently applies to all biotherapeutic proteins
regarding the required log;o of viral clearance that must be attained with the model adven-
titious viruses examined in the validation studies. The FDA treats each license application
on a case-by-case basis, looking for an appropriate risk profile.?

At least one viral clearance step should be included in the train of downstream steps.26:9:10
However, it is recommended that the validation studies investigate more than one down-

stream step in the ability to clear viruses.®> Generally, since both enveloped and non-
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enveloped viruses might survive in a cell culture solution, at least one inactivation step
is used, which typically inactivates the enveloped viruses (primarily retroviruses). The non-
enveloped viruses, on the other hand, are eliminated with other physical removal steps.”

Viral inactivation methods include pasteurization, solvent-detergent treatment, pH treat-
ment, B-propiolactone (a mutagen) treatment, and UV treatment.>>!®*® A clearance step
does not necessarily have to be an independent step dedicated solely to viral inactivation
and/or removal. For example, a pH treatment step can actually be the low pH elution of a
therapeutic protein product from a column in chromatography.®'® Pasteurization, pH treat-
ment, and solvent-detergent treatment have been found to achieve good viral inactivation.
Specifically, these methods have been found to inactivate 3 to 5 logio of retroviruses and
to perform consistently at different pH and ionic strength conditions. These methods are
also scalable, which is an important factor, since the production-scale units must perform
similarly to the laboratory-scale units used in the validation studies.®

Column chromatography has also been investigated with respect to its viral removal
capability, which is a natural consequence of its traditional use in purifying therapeutic
proteins from other biomolecules in a cell culture solution. However, column chromatography
is generally not used as a step dedicated solely for viral removal, since it is expensive and
not as robust in terms of viral clearance (that is, it does not always achieve greater than 3
logyo of viral clearance).”!° In addition, regulatory agencies in Europe tend to be skeptical of
chromatography as a robust method for viral removal.®> The behavior of viruses on columns
can be affected by many factors, such as the shape of the virus, size of the virus, exterior of
the virus, type of resin, buffer, and flow rate. For example, an enveloped virus, due to it being
surrounded by a phospholipid bilayer membrane, can have greater hydrophobic attractions
with certain resins than a non-enveloped virus.!* When performing chromatography, the
reusability of resins must also be examined to ensure the same performance during each run
and at the end of the column lifetime. The inactivation of all viruses bound to the resin
during the column regeneration step must also be verified.'®!?

Membranes, however, are attaining widespread use for removing viruses from a therapeu-
tic protein in a cell culture solution.!®!114¥ This separation method is attractive because
viruses with sizes greater than the membrane cut-off size are removed significantly from the
protein. Filtration achieves good viral clearance, is readily scalable, is easy to use, is pre-
dictable with regard to protein recovery and viral removal, and has been found to perform
consistently at different pH and ionic strength conditions.”**'* Pall Filtron Corporation,

Millipore, and Asahi are major producers of viral removal membranes. 0.015-0.04 ym mem-
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branes have been found to remove 4 to 8 logyo of retroviruses.® A 0.04 um rated Nylon 66
(grade ND) filter from Pall was found experimentally to remove 4.7 and 3.8 log;, of ecotropic
murine leukemia virus (MuLV) and xenotropic MuLV, respectively, in one pass. Titer reduc-
tion for reovirus (having a diameter between 700 and 750 A) with the 0.04 um rated filters
was 3.7 logyo after one filter and more than 7.3 log;o after two filters in series.!' Pall now has
a line of viral reduction membranes known as OMEGA®VR membranes. The membranes are
rated at 500, 300, 200, 150, and 100 kilodaltons (K). The 300K and 100K membranes have
been found experimentally to remove about 5-6 logip of murine leukemia virus (>800 A)

6 Millipore, on the other hand, markets

and porcine parvovirus (>200 A), respectively.!
two types of viral removal membranes, Viresolve/ 70%nd Viresolve / 180® Viresolve/ 70%nd
Viresolve/ 180%membranes pass biomolecules that are less than 70 and 180 kilodaltons, re-

spectively, and their viral clearance values are listed in Table 1-1 below.!”

Table 1-1: The log;o of viral removal achieved for different viruses with two membranes
manufactured by Millipore.!”

Logio of Viral Removal
Virus Viresolve/7 0®| Viresolve / 180®
Poliovirus 3 2
Hepatitis A not tested 4
Simian Virus-40 ) not tested
Sindbis 5.5 4.5
Reovirus 6.5 5.9
Murine Leukemia Virus 6.6 6.0
Human Immunodeficiency Virus 8.5 not tested

Membranes, however, also have disadvantages. Typically, membranes cannot be reused.
For Asahi’s membranes, expensive monodisperse gold particles must also be purchased from
Asahi to validate the integrity of the membranes with respect to pore size after filtration
of the cell culture solution.”!> Millipore, similarly, sells CorrTest®1ntegrity kits which are
designed to test the integrity of membranes before and after use.!” These factors act to
increase the cost of the filtration process. Membranes with smaller pores, for example,
0.015 pm membranes, are also very expensive, and tend to foul easily. These membranes
with smaller pores, however, are valuable because: (i) the regulatory agencies recommend

that a range of virus types are tested, and (ii) the regulatory agencies strongly encourage
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the testing of the 20 nm minute virus of mice (MMV), since occurrences of infection by
this virus have been reported in industry.®!®* MMV is also particularly robust with regard
to standard viral inactivation methods and can sometimes be difficult to clear. Due to
these disadvantages regarding membranes, biotechnology companies are looking for other
methods to physically remove viruses.” Consequently, it is desirable to find another unit
operation capable of separating biomolecules primarily based on size. Size appears to be an
excellent characteristic on which to base viral removal from a therapeutic protein since: (i)
high recovery of the therapeutic protein can be achieved due to its size being much smaller
than that of viruses (for example, in the case of membranes, 92% protein recovery has been
reported in a two-stage operation using Viresolve/ 70®membranesl4), (ii) the viruses with
sizes greater than the membrane cut-off size should be removed effectively from the smaller,
desired protein, and (iii) no other common characteristic can be exploited for separation
purposes because viruses are diverse in many aspects, including their exterior and shape.
For example, enveloped viruses differ from protein-coated or naked viruses, and there are

also exterior differences within these two classified groups as well.

1.1.2 Gene Therapy

In the future, gene therapy may be exploited to treat diseases. The major disease cat-
egories are single-gene inherited disorders, multifactorial diseases, cancer, and infectious
diseases. Single-gene inherited disorders include hemophilia, sickle cell anemia, adenosine
deaminase deficiency, hypercholesterolemia, and cystic fibrosis. Since single-gene inherited
disorders result from one gene being mutated, several of these may be remedied by the de-
livery of the non-mutated gene. There is also much potential in utilizing gene transfer to
correct multifactorial diseases, which include coronary heart disease and diabetes. Many
possible gene therapy strategies are being investigated for the treatment of cancer. One
method involves delivering tumor suppresor genes, such as p53 and Rb, to cancerous cells.
Infectious diseases, such as hepatitis, herpes, and AIDS, may become treated in the future
by the delivery of a gene that prevents the virus in the cell from replicating.'?

One of the challenges in gene therapy is the delivery of the genes into the cells. Since
viruses are natural vectors or gene-delivery vehicles, they have potential for being utilized
in this application. Viral vectors that have been studied for gene therapy include retrovirus,
adenovirus, adeno-associated virus, herpes virus, poxvirus, and baculovirus.'*?* Efficiently
concentrating and purifying viruses from a fermentation broth containing many proteins will

become increasingly important when gene therapy treatments are approved by the FDA.
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Column chromatography is generally used as a purification unit in many industrial
biotechnology processes. However, since gene therapy is still a new therapeutic strategy,
it is not clear if column chromatography will be the best candidate for viral vectors. Even
though column chromatography has been shown to have strong potential for purifying a
particular type 5 recombinant adenovirus® and a particular adenoassociated adenovirus,2*
there are many variants among these recombinant viruses. For adenoviruses, the variants
include particles which are dodecahedral and lack hexons (the key immunogenic targets),?
and particles which can only replicate in tumor cells.? Wild type (that is, natural or non-
mutant) adenovirus serotypes also have differences in the lengths and antigenic properties of
their penton fibers.?” In addition, it is not obvious that column chromatography will be the
best purification unit for a particular vector because many issues, such as viral aggregation,
must be considered.

Accordingly, other separation methods may be more effective in the large scale purifica-
tion of viruses. However, these separation methods must be scalable, since production-scale
units will be built based on the basic research that is conducted with the laboratory-scale
units. They must also be cost effective. A gentle separation method is also desirable, since
such a process may prevent loss of infectivity and/or aggregation of the viral vectors. In
addition, a separation method capable of concentrating and purifying viruses according to
the universal property of size is also useful, since a single method may be applied to a wide
variety of viral vectors. Such a unit operation is desirable because it is predicted that more
than one viral vector will be necessary for treating the many different diseases.!® Therefore,
if one biotechnology company is producing more than one viral vector, the ability of a single
concentration scheme to accomodate all the different viral vectors can give rise to several
desirable features, such as ease in automation, simplicity, and commonality of materials that
remove any need for viral-specific compounds such as biospecific affinity ligands, metals, and

ionic molecules.

1.1.3 Preparative Biochemistry

In academia, one of the main goals of preparative biochemistry has been to develop sep-
aration methods that can aid in studying biochemical systems.?® With regard to viruses,
preserving their infectivity during their purification is necessary for conducting biochemical,
immunological, and virological research.?®?° In general, viruses must be purifed and concen-
trated from a fermentation broth that contains a wide variety of proteins.® Several methods

were developed for purifying viruses prior to 1970,3' and many of these methods, with and
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without variations, are still in use today. However, these methods may be preventing the
characterization of some viruses by damaging the viral parts required for their infectivity
or by causing aggregation of the viral particles. Some viruses that have been known to
be sensitive to the purfication process include murine leukemia viruses (MuLV), the human

2932 Loss of biolog-

immunodeficiency virus (HIV), and the endogenous baboon type-C virus.
ical activity during the purification process can result from physical forces, certain chemicals
used in the separation process, and high temperatures.>> Consequently, a gentle preparative
method for purifying viruses from proteins and other cellular material is desirable.

In preparative biochemistry, the purification processes are generally conducted on a lab-
oratory scale. Centrifugation and ultracentrifugation, with and without density gradients,

30,33-37

have achieved widespread use as a preparative method for viruses. However, due to

the large centrifugal forces involved, these techniques may damage some sensitive viruses.

30,36,4041 416 also

Filtration and ultrafiltration,??*?3% along with column chromatography,
used for purifying viruses. These methods, however, may also damage sensitive viruses due
to the shear stresses involved. Accordingly, a purification technique involving low centrifugal

forces and shear stresses would be useful.

1.2 Motivation

As discussed in Section 1.1, there is room for improvement in the separation processes
currently used in the three above-mentioned applications. Any alternative separation process
that is considered should be readily scalable, since production scales typically increase during
development and after licensure of biotherapeutics.® In addition, viral clearance validation
studies, as well as basic research, are conducted on a laboratory scale. A scalable process is
also useful because it can be applied to preparative biochemistry (which is a small-scale op-
eration), as well as to viral clearance and the production of gene delivery viral vectors (which
can be large-scale operations). One unit operation that has been proven to be scalable and
very effective in the chemical industry is liquid-liquid extraction. However, conventional oil-
water solvents cannot typically be used in the liquid-liquid extraction process of biological
materials because nonpolar solvents tend to denature biomolecules. Therefore, in order to
capitalize on the benefits of liquid-liquid extraction, novel aqueous complex-fluid solvents
must be used in the liquid-liquid extraction process because both phases contain predomi-
nantly water, and therefore, provide a mild environment for the biomolecules. Consequently,
this thesis investigates the partitioning behavior of proteins and viruses in two-phase aqueous

micellar systems (see Section 1.5).
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Two-phase aqueous micellar systems also have the capability of separating biomolecules
based on size (see the discussion in Section 1.4.3), which is a very desirable feature for both
viral clearance and the production of gene therapy viruses. Liquid-liquid extraction is also
attractive for preparative biochemistry because it can be performed without the large cen-
trifugal forces encountered in centrifugation and ultracentrifugation. It may also involve
less shear on the biomolecules when compared to filtration, ultrafiltration, and column chro-
matography because flows through small pores are not required. Accordingly,' two-phase
aqueous micellar systems have the potential of being used in the applications discussed in

Section 1.1.

1.3 Two-Phase Aqueous Micellar Systems

This section provides useful background information regarding two-phase aqueous mi-
cellar systems. In Section 1.3.1, surfactants and the process of micellization are described.
Section 1.3.2 provides details regarding phase separation in aqueous nonionic micellar solu-

tions.

1.3.1 Surfactants and Micellization

Surfactant molecules, hereafter referred to as surfactants, are amphiphilic molecules com-
posed of a hydrophilic or polar “head” and a hydrophobic or nonpolar “tail”. Surfactants
can be classified into three broad classes: (i) ionic (having either a positively-charged or
negatively-charged head), (ii) nonionic (having a head that can hydrogen bond with wa-
ter molecules), and (iii) zwitterionic (dipolar or having a head that has both positive and
negative charges, therefore giving rise to a dipole moment). Sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), n-decyl tetra(ethylene oxide) (C;oE,), and dioc-
tanoyl phosphatidylcholine (Cs-lecithin) illustrate typical anionic (negatively-charged), cat-
ionic (positively-charged), nonionic, and zwitterionic surfactants, respectively,>¢ and their
chemical formulas are shown in Figures 1-1 and 1-2.

Surfactants in aqueous solution exhibit different types of behavior depending on their
overall concentration. At surfactant concentrations below the critical micelle concentration
(CMCQ), which varies with the surfactant, surfactants adsorb at the air-water interface and
extend their hydrophobic tails into the air phase to minimize their contact with water.
As a result, surfactants are surface active (hence the name surfactant). However, most

surfactants also exhibit minimal solubility in the bulk aqueous phase, which is dependent
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SDS: CH3*(CH2)11—OSO3_ Nat
CTAB: CH3—(CH2)15—N(CH3); Br~
C10E4: CH3*(CH2)9“(OCHQCH2)4—OH

Figure 1-1: Examples of ionic and nonionic surfactants. Sodium dodecyl sulfate (SDS)
and cetyltrimethylammonium bromide (CTAB) are examples of anionic and cationic surfac-
tants, respectively, while n-decyl tetra(ethylene oxide) (CyoE4) is an example of a nonionic
surfactant.

i ? o
-+
CHg~ (CHg)g = C = 0= CH = CHp= 0~ '~ O~ CHy- CH2—I\|1— CH,
| o) CHg

Figure 1-2: An example of a zwitterionic surfactant. For dioctanoyl phosphatidylcholine
(Cg-lecithin), the negative charge is on the phosphate group, while the positive charge is on
the amino group.

on the hydrophobic character of the surfactant tail. At surfactant concentrations above the
CMC, surfactants form aggregates known as micelles, which can also be viewed as microscopic
oily phases inside the macroscopic aqueous phase. In these micelles, the hydrophobic tails
flock to the interior to minimize their contact with water and maximize their contact with
other hydrophobic tails. The hydrophilic heads, on the other hand, remain on the periphery
of the micelles to maximize their contact with water.?

Micellization in water results from a balance of intermolecular forces, including steric,
electrostatic, hydrophobic, hydrogen bonding, and van der Waals interactions.*>*® The main
attractive force results from the hydrophobic effect associated with the hydrophobic tails (see
the discussion below). The opposing repulsive force results from the steric (between hydrated
nonionic heads) and electrostatic (between like-charged heads) interactions associated with
the hydrophilic heads. Micellization occurs when the attractive force balances the repulsive
force.

The hydrophobic effect is governed by the gain in entropy when contact between the
hydrophobic tails and the water molecules is minimized. Although there is a loss in the
translational entropy of the surfactant molecules when they form micelles, there is a signifi-
cant increase in the translational entropy of the water molecules surrounding the hydrophobic

tails. This increase in the translational entropy of the water molecules has the greater effect
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because of the vastly greater number of water molecules. This gain in entropy is associated
with the decrease in the number of structured clathrate “cages” that the water molecules form
around the hydrophobic tails. Tt is this ability of water molecules to form these structured
clathrate “cages” and maximize the number of hydrogen bonds in the presence of hydropho-
bic molecules which allows the hydrophobic molecules to be partially soluble. However, this
ordering of water molecules near hydrophobic molecules decreases the number of configura-
tions that the water molecules can have, and thérefore, decreases their ellltropy.“f”46 When
the contact between the hydrophobic tails and the water molecules is minimized by the
process of micellization, the water molecules near the hydrophobic tails are liberated from
these structured clathrate “cages”, and there is an overall net gain in translational entropy.
Although this gain in entropy is the dominant contribution to the hydrophobic effect, there
is also an enthalpic contribution based on the enthalpic difference between water-water and
water-tail interactions. Indeed, the attraction between water molecules is greater than that
between water molecules and hydrophobic tails, because water molecules interact with each
other through both hydrogen bonding and van der Waals attractions, while water molecules
can only interact with the hydrophobic tails via van der Waals attractions.

Micelles can be spherical (or globular), cylindrical (or rodlike), or disc-like in the form
of bilayers. Depending on the surfactant type and concentration, as well as on the solution
conditions (such as temperature, ionic strength, pH), micelles can grow one-dimensionally
as cylinders or two-dimensionally as bilayers or discs. Micellar growth is governed by the
surfactant heads, because growth requires bringing the heads into close contact. Accordingly,
ionic surfactants in the absence of salt generally exhibit minimal growth, and form spherical
micelles as a result of the strong repulsive interactions between the equally charged surfactant
heads. On the other hand, nonionic surfactants can exhibit significant growth, because the
heads repel each other only through weaker steric, and not coulombic, interactions. For
example, the nonionic surfactant Cy9E4, which will be used in this thesis to generate the two
aqueous phases, forms cylinders and exhibits one-dimensional growth. Note that the micelles
which can exhibit significant growth will also display a greater degree of polydisperisty than

those which exhibit minimal growth.47:48

1.3.2 Phase Separation in Aqueous Micellar Solutions

For some micellar solutions, an isotropic, homogeneous micellar solution can phase sep-
arate into a micelle-rich phase coexisting with a micelle-poor phase. Since the surfactant

concentration in both phases is greater than the CMC, there are micelles in both phases.
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The average micelle size and the polydispersity of the micelles are different in the two phases
because the concentration of surfactant in each phase is different, and as discussed in the
previous section, surfactant concentration can influence micellar size. Knowledge of the co-
existence or binodal curve of phase-separated micellar solutions is essential when working
with these systems. The coexistence curve delineates the two-phase region from the one-
phase region in a temperature-surfactant concentration phase diagram at constant pressure.
The coexistence curve can either be concave upward or downward depending on whether
phase separation is induced by increasing or decreasing the temperature, respectively. The
minimum (maximum) in the coexistence curve is known as the lower (upper) consolute or
critical point. The surfactant mole fraction and temperature corresponding to the critical
point are known as the critical surfactant concentration, X, and the critical temperature,
T, 43.4447,49

For some nonionic surfactants, such as those of the C,E; or alkyl poly(ethylene oxide)
family, phase separation can be induced by increasing the temperature. Consequently, the
coexistence curve is concave upward and the system exhibits a lower consolute point as shown
schematically for CyoE4 in Figure 1-3.474952 At a first glance, this seems counterintuitive,
because one phase is generally favored (entropy dominates) as the temperature is increased,

since:

G=H-TS (1.2)

where G is the solution Gibbs free energy, H is the solution enthalpy, T is the absolute
temperature, and S is the solution entropy. However, for micelles comprised of C;E; sur-
factants, the attractive interactions between the micelles increase as the temperature is
increased.*3**4" This can be rationalized by recognizing that the hydrophilic ethylene ox-
ide (E) units of the C,E; surfactants experience significant hydrogen bonding with water
molecules. Accordingly, the ethylene oxide units are heavily hydrated. As the temperature
is increased, the molecules in solution experience more thermal motion, and the strength
of the hydrogen bonds is weakened due to the decrease in the directionality of the bonds.
Since water molecules are “melted” away from the micelles, the micelles can establish closer
contacts with each other and therefore experience greater attractive interactions. These
attractive interactions allow the formation of a micelle-rich phase.*44

For the case of CgE4, the top phase is micelle-rich, while the bottom phase is micelle-poor,
as shown schematically in Figure 1-4. The CjoE4 micelles, as discussed in Section 1.3.1, are
cylindrical. Theoretically, a cylindrical micelle is modeled by our group as a spherocylinder,

or a cylindrical body capped by two hemispheres.>>®> The micelles in the top, micelle-
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Figure 1-3: Schematic representation of the coexistence curve of the two-phase aqueous
CioE4 micellar system.

rich phase are longer and more abundant than those in the bottom, micelle-poor phase.
Note that Figure 1-4 is only a schematic representation, and that the water content in both
phases is very high. The top, micelle-rich phase has at least 80 wt% water, while the bottom,

micelle-poor phase has at least 98 wt% water.

1.4 Previous Applications Involving Two-Phase Aqueous

Nonionic Micellar Systems

This section provides a brief review of past applications of two phase aqueous nonionic
micellar systems. In Section 1.4.1, the use of two-phase aqueous nonionic micellar systems in
extracting organic compounds and metal ions (after complexing them into sparingly water-
soluble chelates) is discussed. Section 1.4.2 describes previous work regarding the separation
of proteins based on hydrophobicity in two-phase aqueous nonionic micellar systems. In
Section 1.4.3, the research performed previously by our group to extend the applications of
two-phase aqueous nonionic micellar systems to include separating hydrophilic biomolecules

based on size differences is discussed.
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Figure 1-4: Schematic representation of the two-phase aqueous C;oE4 micellar system. This
system will also be referred to as the CjgE4-buffer system. The black circle represents the
surfactant hydrophilic head, while the black curved line represents the surfactant hydropho-
bic tail. This system exhibits a single phase at low temperatures, and phase separates at
high temperatures into a micelle-rich phase coexisting with a micelle-poor phase.
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1.4.1 Extracting Metal Chelates and Organic Compounds Based on
Hydrophobicity

Metal chelates and organic compounds have limited water solubility. Therefore, they
prefer to maximize their contact with the hydrophobic cores of the micelles and minimize
their contact with water. Since the two phases in these micellar systems are micelle-rich
and micelle-poor, these compounds are favorably extracted into the micelle-rich phase.?¢:6!
Accordingly, it is no surprise that the first application of two-phase aqueous nonionic mi-
cellar systems was the extraction of metal chelates. The concentration of metal chelates
into the micelle-rich phase can act in conjuction with spectrophotometric or flow injection
analysis to quantify the amount of trace metals in water and soil. For example, surfactant
and a chelating agent (ligand) can be added to a water sample, which is suspected to have
metals. The metal ions and ligands will first form metal chelates. These metal chelates
will then be concentrated into the micelle-rich phase after the temperature is adjusted to
form the two phases. Concentrating these metal chelates facilitates their quantification in
a subsequent analytical step.® This method of complexing metal ions and then extract-
ing them into the micelle-rich phase has been carried out experimentally utilizing nonionic
surfactants such as Triton X-100 and PONPE-7.5. The metal chelates of Ni(Il) ions with
the ligands TAN (1-(2-thiazolylazo)-2-naphthol), PAN (1-(2-pyridylazo)-2-naphthol), and
TAC (2-(2-thiazoylazo)-4-methylphenol) have been extracted into the micelle-rich phase of
two-phase aqueous Triton X-100 micellar systems.’®*! The metal complexes of Zn(II) ions
with the ligands PAN, QADI (2-(8-quinolylazo)-4,5-diphenylbenzimidazole), PAMP (2-(2-
pyridylazo)-5-methyphenol), and thiocyanate have been similarly extracted in two-phase
aqueous PONPE-7.5 micellar systems.>¢:5%:60

Organic compounds, due to their hydrophobic character, are also solubilized in the hy-
drophobic cores of the micelles. By the addition of surfactant to contaminated water and
the subsequent adjustment of temperature, two-phase aqueous nonionic micellar systems can
be generated, in which the organic compounds are concentrated in the micelle-rich phase.
Such a procedure can aid in the detection of organic compounds and in the clean-up of
contaminated water.5¢% Some of the organic compounds which give rise to environmental
problems include phenols, pesticides, and polycyclic aromatic hydrocarbons. The two-phase
aqueous CgE3 micellar system has been used to extract 4-Chlorophenol, 2,4-dichlorophenol,
2,4,5-trichlorophenol, pentachlorophenol, benzene, toluene, p-xylene, and o-xylene into its
micelle-rich phase. Fluoranthene has been similarly extracted in two-phase aqueous Triton

X-100 micellar systems.5
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1.4.2 Separating Proteins Based on Hydrophobicity

Since the two coexisting micellar phases contain at least 80 wt% water, two-phase aque-
ous nonionic micellar systems provide a mild and nondenaturing environment for proteins.
The majority of the protein separation work in these systems has exploited differences in hy-
drophobicity.®%268 Bordier was the first to separate proteins using two-phase aqueous non-
ionic micellar systems. Utilizing the Triton X-114 system, Bordier showed that hydrophilic,
water-soluble proteins (serum albumin, catalase, ovalbumin, concanavalin A, myoglobin, and
cytochrome c) preferentially partition into the micelle-poor phase, while hydrophobic or inte-
gral membrane proteins (acetylcholinesterase, bacteriorhodopsin, and cytochrome ¢ oxidase)
preferentially partition into the micelle-rich phase.5? In practice, surfactant was first added
to the buffer containing the proteins to generate the micelles. While still in the one-phase
region, these micelles incorporated the hydrophobic, and not the hydrophilic, proteins. The
temperature was then adjusted to form the two phases and to concentrate the hydropho-
bic proteins into the micelle-rich phase. Two-phase aqueous nonionic micellar systems have
also been used in many other applications involving protein separations.®® For example,
large-scale purification of pyruvate oxidase from other enzymes, with 95% recovery into the
micelle-rich phase, has been demonstrated using the Triton X-114 system.?®%* Two-phase
aqueous nonionic micellar systems may also be used to purify platelet compounds, since
platelet glycoproteins have been found to partition favorably into the micelle-rich phase,
while fibrinogen, albumin, and actin have been observed to partition favorably into the
micelle-poor phase.5¢:5°
1.4.3 Separating Hydrophilic, Water-Soluble Biomolecules Based on

Size Differences

The potential for separating hydrophilic, water-soluble biomolecules based on size dif-
ferences was first recognized by our group when the partitioning behavior of hydrophilic,
water-soluble proteins (cytochrome ¢, ovalbumin, catalase, soybean trypsin inhibitor, and
bovine serum albumin) was investigated in the two-phase aqueous micellar system com-
posed of the nonionic surfactant CioE4."%" The protein partition coefficient, Kp, defined
as the ratio of the protein concentration in the top, micelle-rich phase, Cp;, to that in the

bottom, micelle-poor phase, Cp}, that is,”

Cp

o~

>

K, (1.3)
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was evaluated as a quantitative measure of the protein partitioning behavior. The hy-
drophilic, water-soluble proteins were found experimentally to partition preferentially into
the bottom, micelle-poor phase, with partition coefficients, K, ranging between 0.1 and 1.
The partition coefficients were also found experimentally to deviate further from 1, that is,
approach 0.1, as the protein became larger or as the difference in the micellar concentrations
of the two coexisting micellar phases became more pronounced. These experimental find-
ings suggested that the observed protein partitioning behavior is driven by repulsive, steric,
excluded-volume interactions between the proteins and the micelles. Specifically, hydrophilic,
water-soluble proteins will partition preferentially into the bottom, micelle-poor phase where
they experience fewer excluded-volume interactions with the micelles.” In addition, the pro-
tein partitioning behavior can also be understood from a purely entropic point-of-view, since
the hydrophilic, water-soluble proteins partition preferentially into the bottom, micelle-poor
phase where they can sample a greater number of configurations due to the larger available
volume.”! Based on this excluded-volume hypothesis, statistical thermodynamics was used
to derive the following expression for the protein partition coefficient, K, in the two-phase

aqueous micellar system composed of cylindrical C1oE,; micelles:7%71,74
R 2
K, = exp [— (60— ¢w) 1+ R—;’) } (1.4)

where ¢; and ¢, are the surfactant volume fractions in the top and bottom phases, respec-
tively, R, is the hydrodynamic radius of the protein, and Ry is the cross-sectional radius
of each cylindrical micelle (modeled as a spherocylindrical entity). The hydrodynamic radii
of different proteins are available in the literature, while the cross-sectional radius of the
cylindrical CyoE4 micelle can be estimated from its molecular structure. The (¢; - @) val-
ues, on the other hand, can be obtained from the coexistence curve as follows. By selecting
the partitioning temperature, an operating tie line can be drawn on the coexistence curve
of the two-phase aqueous CyoE4 micellar system as shown schematically in Figure 1-5. Ac-
cordingly, for this temperature, a solution having a CioE4 concentration corresponding to
any position on the operating tie line will phase separate into two phases having C;yE4 con-
centrations corresponding to the intersections of the horizontal operating tie line with the
coexistence curve. In Figure 1-5, the weight percent concentrations of C19E, in the top and
bottom phases have been denoted (; and (;, respectively. Since both phases have densities
of approximately 1 g/mL, weight percent concentrations are approximately equal to volume

percent concentrations, and the value of (¢; - ¢) corresponds to the tie line length in Fig-
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ure 1-5 divided by 100, that is, ((; - (5)/100. The division by 100 is necessary to convert

between percents and fractions.”0 74
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Figure 1-5: Schematic representation of an operating tie line on the coexistence curve of the
two-phase aqueous C;oE, micellar system. The top, micelle-rich and bottom, micelle-poor
phases connected by the operating tie line contain C1oE4 at ¢, wt% and (, wt%, respectively.

The predictions from the excluded-volume theory (Eq. (1.4)) were compared to the exper-
imentally measured protein partition coefficients.”® " As shown in Figures 1-6, 1-7, and 1-8,
reasonable agreement was achieved between the theoretically predicted and experimentally
measured partition coefficients of cytochrome ¢, ovalbumin, and catalase. Good agreement
between the theoretically predicted and experimentally measured protein partition coeffi-
cients can also be seen by plotting the protein partition coefficient, K,, as a function of
R,/ R, for a fixed temperature,™ as shown in Figure 1-9. Accordingly, it was concluded that
the partitioning behavior of hydrophilic, water-soluble proteins in the two-phase aqueous
CioE4 micellar system is primarily driven by steric, excluded-volume interactions between
the proteins and the micelles.

Figure 1-9 suggests that hydrophilic, water-soluble biomolecules having a relatively large
size, with radii exceeding 100 A, should distribute extremely unevenly between the two
coexisting micellar phases and partition strongly into the micelle-poor phase.”™ To test

this hypothesis, the partitioning of viruses, which have radii on the order of 100 A, was
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Figure 1-6: Comparison between the theoretically predicted and experimentally measured
partition coefficients of cytochrome ¢. The solid line corresponds to the partition coefficients
that were predicted based on the excluded-volume theory. The white circle symbols corre-
spond to the partition coefficients of cytochrome c that were measured previously.”®” The
error bars represent 95% confidence limits for the measurements.
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Figure 1-7: Comparison between the theoretically predicted and experimentally measured
partition coefficients of ovalbumin. The solid line corresponds to the partition coefficients
that were predicted based on the excluded-volume theory. The white circle symbols cor-
respond to the partition coefficients of ovalbumin that were measured previously.”®” The
error bars represent 95% confidence limits for the measurements.
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Figure 1-8: Comparison between the theoretically predicted and experimentally measured
partition coefficients of catalase. The solid line corresponds to the partition coefficients that
were predicted based on the excluded-volume theory. The white circle symbols correspond
to the partition coefficients of catalase that were measured previously.”®”® The error bars
represent 95% confidence limits for the measurements.
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1.0

Figure 1-9: The protein partition coefficient, K,, as a function of the ratio, R,/Ry, in the
two-phase aqueous CyoE4 micellar system. R, is the protein hydrodynamic radius obtained
from various sources in the literature.”®’” R, is the cross-sectional radius of a C,oE4 cylindri-
cal micelle, which has been estimated to be 21 A.7™ The (¢, — #3) value at the partitioning
temperature of 21°C is 0.10. The solid line corresponds to the partition coefficients that
were predicted based on the excluded-volume theory. The various symbols correspond to
the partition coefficients that were measured previously’®™ for the following proteins: cy-
tochrome ¢ (R,=16 A, black triangle), soybean trypsin inhibitor (R,=22 A, white diamond),
ovalbumin (R,=29 A, gray circle), bovine serum albumin (R,=36 A, black inverted triangle),
and catalase (R,=52 A, white square). The error bars represent 95% confidence limits for
the measurements.
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examined, where the viral partition coefficient, K, is defined as follows:"®

Cv,t

K,
Cv,b

(1.5)

where C,; and C,;, denote the viral concentrations in the top and bottom phases, respec-
tively.

The viruses that were partitioned were bacteriophages ¢X174, P22, and T4.7%"® All three
bacteriophages are protein-coated and non-enveloped, that is, their exterior is comprised of
proteins and not of a phospholipid bilayer. Bacteriophage ¢X174 has an icosahedral capsid,
spikes located at each of its twelve vertices, a radius of 180 A, and single-stranded DNA.79-8!
Bacteriophage P22 has an icosahedral capsid, a short neck with attached tailspikes, a radius
of 300 A, and double-stranded DNA #1-87 Bacteriophage T4, which also has double-stranded
DNA, is more complicated in shape. It has a width of about 850 A, a capsid length of 1150 A,
an average, uncontracted tail sheath length of 950 A, and six long tail fibers (1400 A x 25 A)
which come out of the tail sheath.”®81:88 The effective hydrodynamic radius of bacteriophage
T4 has been determined to be 750 A.80

The experimentally measured partition coeflicients for the three bacteriophages are shown
in Figures 1-10, 1-11, and 1-12. As expected qualitatively, all three bacteriophages partitioned
much more strongly into the bottom, micelle-poor phase than any of the water-soluble pro-
teins studied, which indicates that the two-phase aqueous C;oE4 micellar system is capable
of separating hydrophilic biomolecules based on size. However, as shown in Figures 1-11 and
1-12, the theoretically predicted and experimentally measured partition coefficients differ by
orders of magnitude for bacteriophages P22 and T4. Even for bacteriophage ¢X174 (see
Figure 1-10), there is a discrepancy between the theoretically predicted and experimentally
measured partition coefficients, especially as the difference in the micellar concentrations of
the two coexisting micellar phases increases, that is, as the temperature increases. Specif-
ically, all the viral partition coefficients plateau at about 1073 to 1072. Accordingly, the
partitioning of viruses in the two-phase aqueous CioE4 micellar system is not yet understood.
However, if the mechanisms that are preventing the viruses from partitioning according to
the excluded-volume theory can be identified, they may be eliminated in the future to attain
viral partition coefficients that are close to the extreme partition coeffiicents predicted by the
excluded-volume theory. This, in turn, can enhance the separation of proteins from viruses.
Accordingly, one part of this thesis, as discussed in Section 1.5 below, focused on challeng-
ing the underlying assumptions of the excluded-volume theory to fundamentally understand

viral partitioning in the two-phase aqueous CioE4 micellar system.
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Figure 1-10: Comparison between the theoretically predicted and experimentally measured
partition coefficients of bacteriophage $X174. The solid line corresponds to the partition co-
efficients predicted based on the excluded-volume theory. The white circle symbols represent
the partition coefficients of bacteriophage ¢X174 that were measured previously.” The error
bars, which correspond to 95% confidence limits for the measurements, appear asymmetric
due to the use of a semi-logarithmic plot.
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Figure 1-11: Comparison between the theoretically predicted and experimentally measured
partition coefficients of bacteriophage P22. The solid line corresponds to the partition coef-
ficients predicted based on the excluded-volume theory. The white circle symbols represent
the partition coefficients of bacteriophage P22 that were measured previously.”® The error
bars, which correspond to 95% confidence limits for the measurements, appear asymmetric
due to the use of a semi-logarithmic plot.
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Figure 1-12: Comparison between the theoretically predicted and experimentally measured
partition coefficients of bacteriophage T4. The solid line corresponds to the partition coef-
ficients predicted based on the excluded-volume theory. The white circle symbols represent
the partition coefficients of bacteriophage T4 that were measured previously.” The error
bars, which correspond to 95% confidence limits for the measurements, appear asymmetric
due to the use of a semi-logarithmic plot.
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1.5 Thesis Overview

In an effort to achieve good separation of protein from virus using two-phase aqueous
micellar systems, this thesis investigated two directions that were pursued simultaneously.
Although Directions A and B will be discussed in more detail below, the overall objective
of this thesis was to develop a fundamental understanding of protein and viral partitioning
in two-phase aqueous micellar systems. It should also be noted that, to the best of our
knowledge, no other research group has investigated the utilization of two-phase aqueous
micellar systems for the removal and/or concentration of viruses from proteins.

Model surfactants, water-soluble proteins, and protein-coated viruses were selected to
focus the studies that were conducted in this thesis. However, many of the results and
conclusions presented in this thesis can be generalized to other surfactants, water-soluble
proteins, and protein-coated viruses. For example, the results obtained with the nonionic
surfactant C;oE4 should also be applicable to other nonionic surfactants that form cylindrical
micelles and phase separate in aqueous solutions. Although more experiments are required
to fully demonstrate this generalization, they are beyond the scope of this thesis.

As discussed in Section 1.4.3, the viral partition coefficients predicted theoretically using
the excluded-volume theory are orders of magnitude lower than the experimentally measured
values. Accordingly, viral partitioning in the two-phase aqueous CioE, micellar system is
not yet fully understood. The central objective of Direction A of this thesis was to de-
termine other possible mechanisms that are governing viral partitioning in the two-phase
aqueous CioE4 micellar system. By identifying these mechanisms, they may, if possible, be
eliminated in the future to yield the extreme viral partition coefficients predicted by the
excluded-volume theory. If these extreme viral partition coefficients can be attained experi-
mentally, the separation of protein from virus can be enhanced. Since the excluded-volume
theory is capable of predicting reasonably well the partition coefficients of water-soluble
proteins, our approach to determining other possible mechanisms was based on challenging
the assumptions underlying the excluded-volume theory in order to identify the assumptions
that are valid for water-soluble proteins but not for viruses. In other words, the search for
other possible mechanisms was similar to the search for the culprits in a murder mystery,
where the biggest “clue” was that the “suspect” mechanisms significantly influence viral
partitioning, while having little or no impact on protein partitioning.

The research conducted in Direction A is described in Part II of this thesis, that is,
Chapters 2, 3, 4, and 5. Specifically, Chapters 2 and 3 describe the experimental studies that

were performed to investigate the possible existence of attractive interactions between the
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tailspikes of bacteriophage P22 and the C,oE; micelles. Bacteriophage P22 was selected as
the model virus, since: (i) it is readily available in high purity from Professor Jonathan King’s
laboratory, (ii) it is safer to employ than mammalian viruses, and (iii) its concentration can be
measured with good accuracy using the plaque assay. These possible attractive interactions
involving the tailspikes of bacteriophage P22 were investigated because: (i) the excluded-
volume theory assumes that only repulsive, excluded-volume interactions operate between
the micelles and the partitioning solute, and (ii) the previously studied water-soluble prbteins
were not expected to have similar attractive interactions for reasons discussed in Chapter 2.
Possible attractive interactions could counter the excluded-volume interactions, and allow
more of the viral particles to remain in the top, micelle-rich phase. This, in turn, would
result in the measured viral partition coefficients being larger than those predicted based
on the excluded-volume theory, which was observed experimentally. Chapter 2 presents the
competitive inhibition study that was performed to compete Salmonella typhimurium cells
and the C,oE,4 micelles for the tailspikes of bacteriophage P22. In Chapter 3, a “cleaner,”
follow-up experimental study is described. In this study, the capsids of bacteriophage P22
without the tailspikes were synthesized and partitioned. The partitioning behavior of the
capsids was then compared to that of intact bacteriophage P22 particles with tailspikes.

Chapter 4 describes the double-stage partitioning study that was conducted to investi-
gate possible attractive interactions between the capsids of bacteriophage P22 and the C;oE,4
micelles. These possible attractive interactions were examined because the capsid of bacte-
riophage P22 is comprised of approximately 420 proteins. Accordingly, these capsids have a
greater tendency of exhibiting heterogeneous surface properties than the previously studied
water-soluble proteins, and certain groups of capsids may exist which have strong attractive
interactions with the CyoE4 micelles.

In Chapter 5, an investigation of another underlying assumption of the excluded-volume
theory is presented. Specifically, the excluded-volume theory assumes that macroscopic phase
separation equilibrium is attained in the two-phase aqueous CyoE,4 micellar system. Macro-
scopic phase separation equilibrium refers to the condition in which all the micelle-rich and
micelle-poor domains, which are formed at the onset of phase separation, are in their cor-
responding macroscopic phases prior to withdrawing the top and bottom phases. However,
this may not be true experimentally, since there could be micelle-poor domains entrained
in the macroscopic, top, micelle-rich phase, as well as micelle-rich domains entrained in the
macroscopic, bottom, micelle-poor phase. Consequently, the concentration of viral particles

measured in each phase could be affected by the presence of these entrained domains. In
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accordance with the biggest “clue” concept, the concentration of protein in each phase, on
the other hand, was expected to be negligibly affected by these entrained domains (see the
discussion in Chapter 5). This chapter describes protein and viral partitioning experiments
that were conducted at different experimental conditions, where the degree of entrainment
was varied. A new theoretical description of partitioning was also developed in this chapter,
and the theoretical predictions were compared to the experimentally measured protein and
viral partition coefficients. ‘ |

While the mechanisms governing viral partitioning were being investigated in the context
of Direction A, Direction B of this thesis was being pursued simultaneously. Direction B,
which corresponds to Part III of this thesis (Chapters 6, 7, 8, and 9), centered around the
less optimistic point-of-view that the viral partition coefficients would not decrease below the
observed values of 1072 to 1072 in the two-phase aqueous C;oE4 micellar system. However,
even with these viral partition coefficients, the virus is generally excluded more strongly
than the protein into the bottom, micelle-poor phase. Accordingly, Chapter 6 describes our
investigation of manipulating the volume ratio, which is a key operating parameter in liquid-
liquid extraction, to attain good separation of lysozyme (model protein) from bacteriophage
P22 (model virus). Specifically, lysozyme was recovered in the top, micelle-rich phase, while
bacteriophage P22 was recovered in the bottom, micelle-poor phase.

Since only steric, excluded-volume interactions between the proteins and the micelles
have been exploited until now, introducing another mode of interaction to attract or “fish”
the proteins into the top, micelle-rich phase may further improve the separation of protein
from virus. Electrostatic interactions were introduced in Chapter 7 by the addition of the an-
ionic surfactant SDS to the aqueous CigE4 solution. An experimental study was conducted
to demonstrate proof-of-principle that two-phase aqueous mixed (nonionic/ionic) micellar
systems can indeed be used to modulate both electrostatic and excluded-volume interactions
between the proteins and the micelles. A theory was also developed, which incorporated the
dominant interactions, namely, the excluded-volume and electrostatic interactions, between
the proteins and the mixed micelles. To test the ability of the theory to capture the under-
lying physics involved in protein partitioning, the theoretically predicted protein partition
coeflicients were compared to the experimentally measured ones.

Chapter 8 presents some examples of using the theory developed in Chapter 7 to develop
useful design strategies to optimize the protein partition coefficient without conducting any
experiments. Since an analytical expression is available for the protein partition coefficient,

the theory can be used to quickly ascertain the relative importance of various experimentally
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controllable variables that can affect the protein partition coefficient. Possible coupled effects
between three of the variables were also investigated using the theory in a 23 factorial design.
A theoretical response surface was also generated for the protein partition coefficient as
a function of two of the variables that were found to have a strong coupled effect from
the theoretical design. The theory was also extended in this chapter to include: (i) ionic
surfactants with charges located beyond the hydrophilic heads of the nonionic surfactants,
and (ii) zwitterionic surfactants in place of nonionic surfactants.

In Chapter 9, the experimental study involving the separation of lysozyme from bacte-
riophage P22 in different two-phase aqueous mixed (“noncharged” /ionic) micellar systems
is presented. The “noncharged” surfactants that were investigated include C;oE4 and Cg-
lecithin, while the ionic surfactants that were examined include SDS and SDEgS (sodium
dodecyl hexa(ethylene oxide) sulfate). The yields of lysozyme and bacteriophage P22 in the
top and bottom phases, respectively, were measured to determine the effect of introducing
an ionic surfactant on the separation efficiency.

Finally, Part IV (Chapter 10) provides a summary of the thesis. In addition, possible

directions for future research and concluding remarks are presented.
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PART II

UNDERSTANDING VIRAL
PARTITIONING IN THE
TWO-PHASE AQUEOUS
C,.E; MICELLAR SYSTEM






Chapter 2

Competitive Inhibition Study to Investigate
Possible Attractive Interactions between the
Tailspikes of Bacteriophage P22 and the
CioE4s Micelles

2.1 Introduction

As discussed in Chapter 1, the partitioning behavior of viruses cannot be fully explained
by considering solely the excluded-volume interactions that operate between the CioE4 mi-
celles and the viruses. Direction A of this thesis was therefore aimed at determining other
possible mechanisms, in addition to the excluded-volume interactions, that govern viral par-
titioning in the two-phase aqueous CyoE4 micellar system. Since the excluded-volume theory
is capable of predicting reasonably well the partition coefficients of water-soluble proteins,
our approach to determining other possible mechanisms was based on challenging the as-
sumptions underlying the excluded-volume theory in order to identify the assumptions that
are valid for water-soluble proteins but not for viruses. In other words, the search for other
possible mechanisms was similar to the search for the culprits in a murder mystery, where the
biggest “clue” was that the “suspect” mechanisms significantly influence viral partitioning,
while having little or no impact on protein partitioning.

One of the major assumptions of the excluded-volume theory (as discussed in Chapter 1)
is that only repulsive, excluded-volume interactions operate between the micelles and the
partitioning solute. However, possible attractive interactions that operate between the mi-
celles and the viruses, but not between the micelles and the previously studied water-soluble
proteins, may be present. These possible attractive interactions may counter the excluded-

volume interactions, and allow more of the viruses to remain in the top, micelle-rich phase.
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This, in turn, would result in the measured viral partition coefficients being larger than those
predicted based on the excluded-volume theory, which is what is observed experimentally.
In this study, one such possible attractive interaction was experimentally investigated.

Bacteriophage P22 was selected as our model virus because: (i) its experimentally mea-
sured partition coeflicients differ significantly from its predicted ones (see Figure 1-11), (ii)
it is readily available in high purity from Professor Jonathan King’s laboratory, (iii) it is
safer to use than mammalian viruses, and (iv) its concentration can be measured with rea-
sonable accuracy using the plaque assay described in Section 2.2.4. Bacteriophage P22 is a
protein-coated virus, with proteins comprising its icosahedral capsid, short neck, and tail-
spikes.82786 The capsid contains double-stranded DNA 818587 and a schematic representation
of bacteriophage P22 is shown in Figure 2-1. In order to find its host bacterium, Salmonella
typhimurium, the tailspikes of bacteriophage P22 seek and recognize lipopolysaccharide re-
ceptors on the outer membrane of the bacterium.82838%93 Although the tailspikes are known
to have a biospecific affinity towards the polysaccharide portion of the receptors,?2:83:89-93 they
still may exhibit attractive interactions with the lipid portion of the lipopolysaccharide. Ac-
cordingly, it is possible that attractive interactions may also exist between the tailspikes of
bacteriophage P22 and the hydrophobic lipid-like moieties of the C1oE, surfactant molecules.
In addition, the tailspikes of bacteriophage P22 may have attractive interactions with the
outer membrane of the bacterium as well, since the bacteriophage P22 particle physically
resides on the membrane during infection. Therefore, similar attractive interactions may
also exist between the tailspikes and the C,oE4 micelles, since the structure of the micelles
resembles that of membranes, which are phospholipid bilayers. The water-soluble proteins
discussed in Chapter 1, however, do not have such an affinity for lipopolysaccharide receptors,
and they also do not physically reside on the cell membrane. Consequently, these possible
attractive interactions between the tailspikes of bacteriophage P22 and the CioE4 micelles
should not operate between the previously studied water-soluble proteins and the CigE4
micelles. Indeed, this is one possible mechanism that can significantly influence the parti-
tioning behavior of bacteriophage P22, while negligibly affecting the partitioning behavior
of the water-soluble proteins.

In this experimental study, the kinetics associated with bacteriophage P22 infection of
Salmonella typhimurium was investigated in the presence and in the absence of CygE4. The
purpose of the study was to determine whether the presence of CiqE4 would inhibit or slow
down the normal bacteriophage P22 infection process due to the possible binding of the

tailspikes of bacteriophage P22 to the C;oE4 micelles.
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Figure 2-1: Schematic representation of bacteriophage P22.
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The remainder of this chapter is organized as follows. Section 2.2 provides details of the
materials and experimental methods utilized in this study. In Section 2.3, the experimental

results are presented and discussed. Finally, concluding remarks are presented in Section 2.4.

2.2 Materials and Methods

2.2.1 Materials

Homogeneous n-decyl tetra(ethylene oxide) (CipoE4) (lot no. 1006) was purchased from
Nikko Chemicals (Tokyo, Japan). Bacteriophage P22 (5 am/13"am) and the host bacte-
ria. Salmonella typhimurium strains DB7136 and DB7155%:%4 were obtained from Profes-
sor Jonathan King’s laboratory. Citric acid (lot no. 0616 KCXK) and magnesium sulfate
(MgSOy) (lot no. 6070 A31581) were purchased from Mallinckrodt (Paris, KY). Disodium
phosphate (lot no. 896726) was obtained from Fisher Scientific (Fair Lawn, NJ). All these
materials were used as received. All solutions were prepared using pH 7.2 Mcllvaine’s buffer
consisting of 16.4 mM disodium phosphate and 1.82 mM citric acid in Milli-Q water. Milli-Q
water is the product of passing deionized water through Millipore’s (Bedford, MA) Milli-Q
system. All glassware used in the experiments were subjected to washing in a 50:50 ethanol:1
M sodium hydroxide bath, washing in a 1 M nitric acid bath, rinsing copiously with Milli-Q
water, and drying in an oven for at least one day.

The DNA of bacteriophage P22 (5"am/137am) has two premature amber stop codons
in genes 5 and 13, which prevent the complete synthesis of the coat protein (gene 5) and
an enzyme necessary for cell lysis (gene 13), respectively. Therefore, once a bacteriophage
P22 particle infects a DB7136 cell during the competitive inhibition experiment, it is not
able to replicate into intact and infective particles, and it also cannot lyse the cell. Only
incomplete bacteriophage parts accumulate in the infected DB7136 cells, and the original
particle can no longer be detected. Therefore, only the bacteriophage P22 particles free in
solution, that is, those which have not infected DB7136 cells, can be quantified in the plaque
assay (described in Section 2.2.4 below). However, in order to implement the plaque assay,
the free bacteriophage P22 particles must be able to replicate into intact and infective phage
particles, and must also be able to lyse cells. Therefore, DB7155 cells were used in the plaque
assay because, unlike the DB7136 cells, they are able to “read through” the amber (UAG)
stop codons (their tRNA is mutated such that it inserts a glutamine amino acid for each

amber stop codon) and allow complete synthesis of the proteins encoded by genes 5 and 13.
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2.2.2 Stability of DB7136 Cells in C;,E; Solutions

During the actual competitive inhibition test (see Section 2.2.3 below), DB7136 cells were
exposed to CioE4 concentrations ranging from 0 to 7.19 wt%. 7.19 wt% was chosen as the
highest CjoE4 concentration because it is comparable to the highest C;oE4 concentration
previously encountered by bacteriophage P22 in the top, micelle-rich phase of the two-phase
aqueous C1oE4 micellar system.”™ Since a viable population of DB7136 cells was required for
the competitive inhibition test, the stability of DB7136 cells in the presence of CioE4 was
investigated first.

The stability of DB7136 cells in five solutions, each containing a different concentration of
Ci1oE4, was examined. Specifically, for each solution, the concentration of viable bacteria was
monitored over a 30 minute period, which corresponded to the duration of the competitive
inhibition test. The competitive inhibition test is completed after 30 minutes because the
cells double, or reproduce, in 30 minutes, thereby changing the experimental conditions. At
the start of the stability experiment (t=0), 0.1 mL of a concentrated DB7136 cell solution
was added to 0.9 mL of a buffered solution containing a certain concentration of CioE4. The
resulting bacterium concentration in each solution was about 1 x 108 cells/mL. The resulting
C10E4 concentrations in the five solutions were 0 wt% (the control), 0.891 wt%, 4.31 wt%,
5.97 wt%, and 7.51 wt% (which was greater than the highest concentration of C;oE4 used
in the competitive inhibition test). A 0.05 mL aliquot of each solution was then sampled
at 30-second, 10-minute, and 30-minute intervals in order to monitor the viable bacterium
concentration during the 30-minute period. The viable bacterium concentration in each 0.05
mL sample was determined by: (i) diluting each sample to an appropriate concentration of
DB7136 cells, (ii) mixing a certain volume of the diluted sample with nutrients, such as,
yeast extract and tryptone, (iii) pouring this mixture onto a petri dish containing agar, (iv)
incubating the contents of the dish overnight, (v) counting the number of bacterial colonies
that have formed, (vi) recognizing that each visible colony originated from a single intact or

live cell, and (vii) multiplying the number of colonies by the dilution factor used in (i).

2.2.3 Competitive Inhibition Test

In the competitive inhibition test, four 0.9 mL buffered solutions were prepared contain-
ing bacteriophage P22 and varying concentrations of C;oE4. The bacteriophage P22 particles
were incubated in the C;oE4 solutions at 25°C for at least one hour to allow any binding,
if any, to occur between the bacteriophage P22 particles and the CioE4 micelles. During

this incubation period and throughout the competitive inhibition test, the solutions were
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maintained at 25°C in a NAPCO 220 water bath. A 0.05 mL sample was taken from each
of these solutions prior to beginning the competitive inhibition test in order to determine
the concentration of bacteriophage P22 present originally in each solution. To begin the
competitive inhibition test (t=0), 0.1 mL of a concentrated DB7136 cell solution was added
into each of the solutions. The resulting overall concentration of DB7136 cells in each solu-
tion was 4.9 x 108 cells/mL. The overall concentrations of C1oE4 and bacteriophage P22 are
summarized in Table 2-1. The concentrations of CioE4 were chosen to ensure the presence ‘
of micelles in the solutions, since the critical micelle concentration of CoE4 is 0.023 wt%
at 25°C.% As discussed in Section 2.2.2, 7.19 wt% was selected as the highest C;oE,4 con-
centration because it was comparable to the highest surfactant concentration previously
encountered by bacteriophage P22 in the top, micelle-rich phase of the two-phase aqueous
C10E4 micellar system.” The concentrations of bacteriophage P22 were also chosen to be
similar to those used in previous partitioning experiments.”"® It should also be noted that
the overall concentration of Mg*? (from MgSO, in the purified bacteriophage P22 solution,
as well as from the added MgSQO,) was 2 mM in each solution. This divalent cation is required
at this concentration to ensure the stability of bacteriophage P22. Specifically, the cation
reduces the electrostatic repulsive interactions between the negatively-charged phosphate
groups of the double-stranded DNA inside the capsid, which have the potential of repelling
each other so strongly that they can burst open the capsid. Based on the concentrations of
the DB7136 cells and the bacteriophage P22 particles in each solution, the multiplicity of

infection, MOI, was evaluated for each solution. The MOI is defined as follows:

MOI = initial viral concentration 2.1)

initial bacterium concentration

The MOI values for the four solutions are also shown in Table 2-1. The MOI values were
chosen to be close to unity so that there would be, on average, about one bacteriophage P22
particle per DB7136 cell, which in turn, implies that each bacteriophage P22 particle would
not need to diffuse far in order to encounter and infect a DB7136 cell.

After beginning the competitive inhibition test with the addition of the DB7136 cells, a
0.05 mL aliquot from each of the solutions was withdrawn at the following time intervals: 1, 2,
4, 6, 8, 10, 15, and 30 minutes. As discussed in Section 2.2.2, the duration of the competitive
inhibition test is 30 minutes. The concentrations of free bacteriophage P22 particles, that
is, those that have not infected DB7136 cells, were determined for all the solutions at each
time point using the plaque assay described in Section 2.2.4 below. Then, for each solution,

the concentration of free bacteriophage P22 particles at each time point was normalized
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Table 2-1: The conditions of the first competitive inhibition test.

Concentration of . Concentration of MOI
Ci10E4 (Wt%) Bacteriophage P22 (particles/mL)
0 5.4 x 108 1.1
0.796 3.0 x 108 0.61
3.98 4.2 x 108 0.86
7.19 3.1 x 108 0.63

with respect to the initial concentration of bacteriophage P22 present in the solution just
prior to beginning the competitive inhibition test. The fraction of free bacteriophage P22
particles was then plotted as a function of sampling time for each solution in order to
examine the kinetics of the infection process. The fraction (or normalized concentration) of
free bacteriophage P22 particles, instead of the actual concentration of free bacteriophage
P22 particles, was used because the initial concentrations of bacteriophage P22 in the four
solutions were different. Accordingly, by evaluating the fraction of free bacteriophage P22
particles, all the solutions were compared on an equal basis.

Another competitive inhibition test was conducted with lower MOI values. The lower
MOI values were used to increase the average number of DB7136 cells per bacteriophage P22
particle, and therefore, to ensure that each bacteriophage P22 particle had the opportunity
to easily diffuse and infect a DB7136 cell. In other words, lower MOI values were selected
to ensure that any possible diffusional limitations were removed. Diffusional limitations
were undesirable because they could lead to many bacteriophage P22 particles being free
in the solution, which in turn, would prevent a good comparison of the kinetics of different
infection processes. In this second competitive inhibition test, two 0.9 mL buffered solutions
were prepared containing bacteriophage P22 and two different concentrations of CioE4. To
begin this competitive inhibition test (t=0), 0.1 mL of a concentrated DB7136 cell solution
was added into each of the solutions. The resulting overall concentration of DB7136 cells in
each solution was 1.0 x 10° cells/mL. The overall concentrations of C9E4 and bacteriophage
P22 in the two solutions, along with the MOI values, are shown in Table 2-2. Each solution
also contained 2 mM Mg*2 (from MgSQy, in the purified bacteriophage P22 solution, as well
as from the added MgSQO,) in order to ensure the stability of bacteriophage P22.
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Table 2-2: The conditions of the second competitive inhibition test.

Concentration of Concentration of MOI
C10Es (Wt%) Bacteriophage P22 (particles/mL)

0 4.2 x 107 0.042

7.13 3.3 x 107 0.033

2.2.4 Plaque Assay

The plaque assay is used to quantify the concentration of viral particles in a particular
solution. This assay is based on the concept that viral particles constantly infect cells,
replicate inside them, and lyse them. Therefore, if viral particles are placed on a petri dish
containing bacteria growing in agar, the above-mentioned process will continue until enough
cells have been lysed such that a transparent circle, or plaque, will be visible in the yellowish,
opaque background corresponding to the viable bacteria in the agar. Although many viral
particles are responsible for one visible plaque, they all originated from a single infectious
viral particle that was initially placed on the agar. Consequently, the concentration of
biologically active viral particles in a solution can be determined by: (i) diluting the solution
to an appropriate viral concentration, (ii) mixing a certain volume of the diluted solution

with the host bacterium and nutrients, (iii) pouring this mixture onto a petri dish containing
| agar, (iv) incubating the contents of the dish overnight, (v) counting the number of plaques
that have formed, and (iv) multiplying the number of plaques by the dilution factor used in
(i).

The actual details of the plaque assay for bacteriophage P22 will now be given below. In
preparation for the plaque assay, plates filled with agar are first made by pouring about 30 mL
of a hot hard agar solution (see Appendix A for a description of the specific ingredients) into
each sterile petri dish. On the next day, after the hard agar has solidified, 2.5 mL of soft
agar (see Appendix A), 2 drops of a concentrated Salmonella typhimurium strain DB7155 cell
solution, and a certain volume (0.05 to 0.5 mL) of the solution containing the bacteriophage
P22 particles are mixed together and poured over the hard agar. This solution solidifies in
about 15 to 30 minutes. The plates are then incubated at 30°C. The DB7155 cells begin
reproducing quickly (the doubling time is about 30 minutes), and eventually all the agar in
the dish contains bacteria. The DB7155 cells are used for the plaque assay because they
are able to “read through” the stop codons in the mutant bacteriophage P22, and allow

complete synthesis of the proteins required to generate intact particles and to lyse cells.
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The bacteriophage P22 particles infect, replicate, and lyse the bacteria, and after only an
incubation overnight, plaques are visible in the agar. The agar plays the important role of
hindering the diffusion of bacteriophage P22 particles, and hence, the overlapping of plaques,
which could cause difficulty in counting. It should also be noted that, in order to be able
to count a statistically-meaningful number of plaques, generally 30 to 300 plaques should
be present on each plate. Therefore, the solution of interest must first be diluted to ensure
that only 30 to 300 bacteriophage P22 particles are present initially on a plate. Since the
concentration of bacteriophage P22 in the solution is unknown a priori, a range of dilutions
is necessary. The fluid used for these dilutions is referred to as the “dilution fluid”, and its

ingredients are listed in Appendix A.

2.3 Results and Discussion

2.3.1 Stability of DB7136 Cells in CyE, Solutions

The results of the stability study are shown in Figure 2-2. For each solution containing
a different concentration of C1oE4 (0 wt%, 0.891 wt%, 4.31 wt%, 5.97 wt%, or 7.51 wt%),
the concentration of the viable Salmonella typhimurium strain DB7136 cells remained, to
within error, constant over the 30 minute period. Therefore, it can be concluded that, over
a 30 minute period, the DB7136 cells are stable and remain viable in CoE4 solutions with
concentrations lower than or equal to 7.51 wt%. Significant doubling of the DB7136 cells
also did not occur over the 30 minute period. Consequently, the competitive inhibition tests
were able to be conducted without concern for the stability and doubling of the DB7136

cells.

2.3.2 Competitive Inhibition Test

The results of the two competitive inhibition tests are shown in Figures 2-3 and 2-4.
In these figures, the fraction of free bacteriophage P22 particles, that is, the fraction of
bacteriophage P22 particles that have not infected DB7136 cells, is plotted as a function of
the sampling time. The results of both competitive inhibition tests suggest that the presence
of C1oE4 does not influence the bacteriophage P22 infection process, since all the fractions
decrease at approximately the same rates. Any type of binding between the tailspikes of
bacteriophage P22 and the CjoE4 micelles should have manifested itself in a lower infection
rate. Although possible biospecific attractive interactions prompted this study, any type of

attractive interaction between the tailspikes of bacteriophage P22 and the CioE4 micelles
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Figure 2-2: Experimental results corresponding to the stability study conducted on
Salmonella typhimurium strain DB7136 cells in CjoE, solutions. The various symbols rep-
resent the concentrations of viable DB7136 cells in solutions containing five different con-
centrations of C1oE4: 0 wt% (inverted black triangle), 0.890 wt% (white triangle), 4.31 wt%
(black circle), 5.97 wt% (white diamond), and 7.51 wt% (white square). The error bars
correspond to 95% confidence limits for the measurements.
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should have inhibited bacteriophage P22 from infecting its host cells via steric hindrance.
Therefore, it can be concluded that negligible or no attractive interactions operate between
the tailspikes of bacteriophage P22 and the C;oE4 micelles. However, a “cleaner”, follow-up

experimental study (see Chapter 3) was performed to further confirm this conclusion.
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Figure 2-3: Experimental results corresponding to the first competitive inhibition test.
The fraction of free bacteriophage P22 particles, that is, the fraction of bacteriophage P22
particles that have not infected DB7136 cells, is plotted as a function of the sampling time.
The various symbols represent the P22 particle fractions in the solutions containing four
different concentrations of C1oE4: 0 wt% (black diamond), 0.796 wt% (black triangle), 3.98
wt% (white circle), and 7.19 wt% (white square). The MOI values in these solutions were
1.1, 0.61, 0.86, and 0.63, respectively. The error bars correspond to 95% confidence limits
for the measurements.

2.4 Conclusions

In the competitive inhibition tests, bacteriophage P22 particles, Salmonella typhimurium
strain DB7136 cells, and a certain concentration of CjpE, were incubated together for 30
minutes. During the 30 minute period, aliquots of the solutions containing different con-
centrations of CjoE, were taken at fixed time intervals to monitor the variation of the con-
centration of free bacteriophage P22 particles (those that have not infected DB7136 cells)
with time. This experimental study essentially competed the DB7136 cells and the CjoE,

micelles for the tailspikes of bacteriophage P22. The presence of CioE4 was found not to
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Figure 2-4: Experimental results corresponding to the second competitive inhibition test.
The fraction of free bacteriophage P22 particles, that is, the fraction of bacteriophage P22
particles that have not infected DB7136 cells, is plotted as a function of the sampling time.
The white square and black circle symbols represent the P22 particle fractions in the solutions
containing 0 wt% C1oE4 and 7.13 wt% CioEq4, respectively. The corresponding MOI values
in these solutions were 0.042 and 0.033, respectively. The error bars correspond to 95%
confidence limits for the measurements.
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interfere with the bacteriophage P22 infection process. Accordingly, it can be concluded that
negligible or no attractive interactions operate between the tailspikes of bacteriophage P22
and the C;oE4 micelles. This conclusion will be tested further in Chapter 3 with a “cleaner”,

follow-up experimental study.
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Chapter 3

Partitioning the Capsids of Bacteriophage
P22 without the Tailspikes

3.1 Introduction

The experimental study reported in this chapter was conducted to confirm the conclusion
from the Competitive Inhibition study (see Chapter 2) that no attractive interactions exist
between the tailspikes of bacteriophage P22 and the CioE4 micelles. This is a “cleaner,”
follow-up experimental study because the capsids of bacteriophage P22 were examined with-
out the presence of the tailspikes. Specifically, the capsids of bacteriophage P22 without the
tailspikes were partitioned in the two-phase aqueous C1oE4 micellar system, and the resulting
partition coefficient was compared to the one obtained previously™ for intact bacteriophage
P22 under the same conditions. It should be noted that the term “capsid” is used in this
chapter to refer to the structure that includes the short neck in addition to the actual capsid
(see Figure 2-1). Since the tailspikes comprise only a small fraction of the total size of an
intact bacteriophage P22 particle, the capsids of bacteriophage P22 are approximately of the
same size as the intact bacteriophage P22 particles (both are approximately 600 A in diame-
ter®®87:96) - Accordingly, both the capsids and the intact bacteriophage P22 should experience
similar excluded-volume interactions with the CioE4 micelles. Therefore, if a smaller parti-
tion coefficient is observed for the capsids than for the intact bacteriophage P22 particles,
this would provide evidence that the tailspikes have considerable affinity towards the CioE,4
micelles. These tailspikes would then be, at least partially, responsible for preventing the
intact bacteriophage P22 particles from partitioning as predicted by the excluded-volume
theory. However, if similar partitioning is observed for the capsids of bacteriophage P22
as well as for the intact bacteriophage P22 particles, it would further confirm the conclu-
sion from the Competitive Inhibition study presented in Chapter 2 that negligible attractive

interactions exist between the tailspikes of bacteriophage P22 and the C,oE4 micelles.
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The remainder of this chapter is organized as follows. In Section 3.2, the materials and
experimental methods are detailed. Section 3.3 provides the definitions of the partition
coefficients measured and/or compared in this study. In Section 3.4, the partitioning results

are presented and discussed. Finally, concluding remarks are presented in Section 3.5.

3.2 Materials and Methods

3.2.1 Materials

Homogeneous n-decyl tetra(ethylene oxide) (C10E4) (lot no. 1006) was purchased from
Nikko Chemicals (Tokyo, Japan). The purified tailspike solution (used for assaying the
capsid concentrations) and the host bacteria Salmonella typhimurium strains DB7136 and
DB7155%6:9 were obtained from Professor Jonathan King’s laboratory. (For more details
regarding the DB7136 and DB7155 cells, see Chapter 2 and Section 3.2.2 below.) The
capsids of bacteriophage P22 (without their tailspikes) were synthesized using the DB7136
cells and purified in Professor King’s laboratory (see Section 3.2.2 below). Citric acid (lot
no. 0616 KCXK) and magnesium sulfate (MgSO,) (lot no. 6070 A31581) were purchased
from Mallinckrodt (Paris, KY). Disodium phosphate (lot no. 896726) was obtained from
Fisher Scientific (Fair Lawn, NJ). All these materials were used as received. All solutions
were prepared using pH 7.2 Mcllvaine’s buffer consisting of 16.4 mM disodium phosphate and
1.82 mM citric acid in Milli-Q water. Milli-Q water is the product of passing deionized water
through Millipore’s (Bedford, MA) Milli-Q system. All glassware used in the experiments
were subjected to washing in a 50:50 ethanol:1 M sodium hydroxide bath, washing in a 1 M
nitric acid bath, rinsing copiously with Milli-Q water, and drying in an oven for at least one

day.

3.2.2 Synthesis of the Capsids of Bacteriophage P22 without the Tailspikes

The capsids of bacteriophage P22 were synthesized from mutant DB7136 cells. The DNA
in the DB7136 cells contains the genes of bacteriophage P22 as a result of the lysogenic cycle
of bacteriophage P22 (9"am/13"am). In the lysogenic cycle, the DNA of a viral particle
becomes integrated into the cell’'s DNA, and therefore, is replicated along with the cell’s
genes.?% The DNA of bacteriophage P22 (9"am/13am) has two premature stop codons
in genes 9 and 13, which prevent the complete synthesis of tailspikes (gene 9) and an enzyme
necessary for cell lysis (gene 13), respectively.

As will now be described, growth of the DB7136 cells at the appropriate conditions
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resulted in the production of cells containing many capsids of bacteriophage P22. First, the
DB7136 cells were grown overnight at 34°C. This overnight solution was then diluted 1 to
500, and the DB7136 cells in this diluted solution were allowed to grow to a concentration of
about 5 x108 cells/mL at 29°C. The solution temperature was then raised to 39°C to induce,
or activate, the bacteriophage P22 genes in the cells and allow their expression to generate the
capsids. Intact particles were not formed because complete tailspikes could not be produced.
The cell solution was maintained at this condition for about 2.5 hours. The cells were also
not lysed in this time period because of the mutation in gene 13 of bacteriophage P22. The
cells containing the capsids of bacteriophage P22 were then harvested by centrifugation, and
then lysed by the addition of chloroform and a freeze/thaw process. Deoxyribonuclease was
then added to cleave DNA and decrease the viscosity of the solution after cell lysis. The
cell debris was then removed by centrifugation at 10K rpm. The supernatant containing the
capsids of bacteriophage P22 was collected and subsequently ultracentrifuged at 35K rpm
to pellet the capsids. The capsids were then resuspended and filtered to remove residual
cell debris. This was the purified capsid solution used for the partitioning experiments.
The capsid concentration in this solution was measured to be 3x10!! capsids/mL using the
tailing method described in Section 3.2.3. There were no intact bacteriophage P22 particles
in the purified capsid solution, which was confirmed by performing the plaque assay (which

is described in Section 2.2.4) with the purified capsid solution, and finding no plaques.

3.2.3 Partitioning the Capsids of Bacteriophage P22

In this partitioning experiment, five buffered solutions, each with a total volume of 3.0
mL, were prepared in graduated 10 mL test tubes. Four of the solutions contained 2.3 x 108
capsids/mL, 2 mM Mg*? (from MgSO, in the purified capsid solution, as well as from
the added MgSQ,) that was required to ensure the stability of the capsids, and 5.16 wt%
Cy0E4. The fifth solution served as the control containing the same concentrations of CioE4
and MgSO,, but no capsids. The solutions were then mixed, and equilibrated at 4°C in
the refrigerator in order for each solution to exhibit a single, clear, homogeneous phase.
The solutions were subsequently placed in the thermo-regulated device that is described
in Section 3.2.4 below. The thermo-regulated device had already been set at the desired
temperature of 21.0°C to initiate phase separation. This temperature was chosen because
the experimentally measured partition coefficient of intact bacteriophage P22 was found to
be orders of magnitude greater than the theoretically predicted one at 21.0°C (see Figure 1-
11). Accordingly, if the tailspikes of bacteriophage P22 were responsible for this discrepancy,
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a much lower partition coefficient should be measured for the capsids of bacteriophage P22 at
21.0°C. The initial C;oE4 concentration of 5.16 wt% was selected because it yields a volume
ratio (volume of the top phase divided by that of the bottom phase) of approximately
1 at the operating temperature of 21.0°C. A volume ratio of about 1 was chosen to be
consistent with the partitioning experiments that were conducted previously.” The solutions
were maintained at this condition for 17 hours before the two coexisting micellar phases
were withdrawn with great care using 1 mL syfinge and needle sets. All the partitioning
experiments reported in this thesis were conducted for at least 14 hours, since it was shown
previously™ that partition coefficients measured after overnight partitioning did not differ
from those measured after partitioning over at least three days. The capsid concentrations
in the different phases were determined using the tailing method.”® In the tailing method,
a purified tailspike solution is first added to the solution containing the capsids in order
to form intact and infective bacteriophage P22 particles. With these newly formed intact
bacteriophage P22 particles, the plaque assay is conducted as described in Section 2.2.4.
Essentially all the capsids are transformed into intact bacteriophage P22 particles because:
(i) the concentration of the tailspikes is much greater than that of the capsids, and (ii) the

tailspikes readily attach to the capsids.

3.2.4 The Thermo-Regulated Device

The thermo-regulated device is a transparent plastic or glass box connected to a NESLAB
(Portsmouth, NH) water bath. At the top of the box, there is a plastic or cardboard lid with
many slots available for inserting the tubes containing the surfactant solutions. Deionized
water is used in the thermo-regulated device, and after allowing two hours for the system
to equilibrate, the temperature of the water throughout the entire box is uniform. With
this in mind, a tube containing deionized water and a thermocouple is placed in the box,
and is used to represent the temperature of all the surfactant solutions present in the box.
The thermocouple is connected to an Omega (Stamford, CT) Thermistor Thermometer
temperature display that is capable of reporting the Celsius temperature to within two
decimal points. The temperature inside the box can be controlled to within £0.03°C during
overnight partitioning.

Instead of placing the water bath on the lab bench, it is stored on the floor as a safety
precaution. In this configuration, if there was a power failure during overnight partitioning,
gravity will drive the water from the box into the water bath. The end result would only be

an overflow of water out of the water bath onto the floor. On the other hand, if the water
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bath was located on the lab bench, a power failure would cause water to flow from the water
bath into the box. The end result would unfortunately be an overflow of water out of the
box and onto other pieces of equipment on the lab bench, which then may become damaged.

A schematic representation of the entire thermo-regulated device is shown in Figure 3-1.

Thermocouple/—

Temperature
Display
LV LV
[ 1@
Water Bath —
|V |/

Figure 3-1: Schematic representation of the thermo-regulated device used in the partition-
ing experiments.

3.3 Theory

In order to quantify the distribution of the intact bacteriophage P22 and the capsid
between the two coexisting micellar phases, their partition coefficients must be evaluated.
The viral (or intact bacteriophage P22) and capsid partition coefficients, K, and K¢qp, are

defined as follows:™
(15)




and

(3.1)

where C,; and C,; are the concentrations of virus (or intact bacteriophage P22) in the top
and bottom phases, respectively, and Cegp,t and Cy,p p are the concentrations of the capsid

of bacteriophage P22 in the top and bottom phases, respectively.

3.4 Results and Discussion

The measured capsid partition coefficient is shown in Figure 3-2. The mass balances on
the capsids of bacteriophage P22 closed to 100% within the experimental error. The parti-
tion coefficient of intact bacteriophage P22 partitioned previously under the same conditions
(see the 21.0°C point in Figure 1-11) has also been included in Figure 3-2 for comparison
purposes. As shown in Figure 3-2, the two partition coefficients are, to within error, essen-
tially the same. In other words, the partitioning behavior of the capsids of bacteriophage
P22 is essentially the same as that of intact bacteriophage P22 particles. Therefore, it can
be concluded that significant attractive interactions between the tailspikes of bacteriophage
P22 and the CyyE,; micelles, which may hinder the intact bacteriophage P22 particles from
attaining the predicted excluded-volume partitioning behavior, do not operate. Although
possible biospecific interactions prompted the experimental studies conducted in this chap-
ter and Chapter 2, the results from the two experimental studies indicate that any, and not
only biospecific, attractive interactions between the tailspikes of bacteriophage P22 and the
C1oE4 micelles are negligible. Any type of attractive interaction would have manifested itself
in inhibiting the bacteriophage P22 infection process in Chapter 2, as well as in causing the
capsid and intact bacteriophage P22 partition coefficients to differ in this study. Therefore,
if attractive interactions do exist between the bacteriophage P22 particles and the CioE,
micelles, they are associated with the capsids and not with the tailspikes of bacteriophage
P22. Since bacteriophage P22 particles, like all biological particles, are part of a heteroge-
neous population, the capsids of some of the bacteriophage P22 particles may have surface
properties that differ from the rest of the population. The surface properties of these capsids
may, in turn, have a strong affinity for the C;oE; micelles. This possibility may account
for the discrepancy between the experimentally measured and theoretically predicted viral

partition coefficients, and therefore, this hypothesis was investigated in Chapter 4.
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Figure 3-2: Experimentally measured capsid and intact bacteriophage P22 partition coef-
ficients at 21.0°C in the two-phase aqueous CyoE, micellar system. The partition coefficient
of intact bacteriophage P22 at 21.0°C (see Figure 1-11) was included in this figure for com-
parison. The white and gray bars correspond to the capsid and intact bacteriophage P22
partition coefficients, respectively. The error bars correspond to 95% confidence limits for
the measurements.
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3.5 Conclusions

In the experimental study reported in this chapter, the capsids of bacteriophage P22
without the tailspikes were first synthesized using Salmonella typhimurium strain DB7136
cells. The capsids were purified, and then partitioned in the two-phase aqueous CioE, micel-
lar system at a temperature of 21.0°C. The measured partition coefficient was then compared
to the partition coefficient of intact bacteriophage P22 that was measured previously™ in
the two-phase aqueous CjoE4 micellar system at 21.0°C. The partitioning behavior of the
capsids of bacteriophage P22 was found to be essentially the same as that of the intact
bacteriophage P22 particles. Accordingly, based on this result and the result of Chapter 2,
it can be concluded that any, and not only biospecific, attractive interactions between the
tailspikes of bacteriophage P22 and the C;oE4 micelles are negligible. Any possible attractive
interactions between the bacteriophage P22 particles and the CyoE4 micelles must therefore
be associated with the capsids of bacteriophage P22. Since bacteriophage P22 particles are
part of a heterogeneous population, the capsids of some of the bacteriophage P22 particles
may have surface characteristics that are different from the rest of the population. In par-
ticular, these capsids may have a strong affinity for the CoE,4 micelles, and this hypothesis

was investigated in Chapter 4.
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Chapter 4

Investigating the Possible Existence of a
Heterogeneous Population of Bacteriophage
P22 Particles

4.1 Introduction

Although the experimental studies of Chapters 2 and 3 have shown that any attractive
interactions between the tailspikes of bacteriophage P22 and the C,oE4 micelles are negligi-
ble, the capsids of bacteriophage P22 may still have strong attractive interactions with the
C1oE4 micelles. If these attractive interactions exist, they may counter the excluded-volume
interactions, and allow more of the bacteriophage P22 particles to remain in the top, micelle-
rich phase of the two-phase aqueous CyoE4 micellar system. This, in turn, would result in
the measured partition coefficients of bacteriophage P22 being larger than those predicted
based on the excluded-volume theory, which is what is observed experimentally. However,
the mechanism for these possible attractive interactions with the capsids must not be appli-
cable to the water-soluble proteins discussed in Chapter 1, since the excluded-volume theory
already predicts reasonably well the partition coefficients of the water-soluble proteins.

The capsid of bacteriophage P22 is comprised of approximately 420 proteins.®>%” There-
fore, these capsids have a greater tendency of exhibiting heterogeneous surface properties
than the previously studied water-soluble proteins. If different groups of capsids did exist
with varying surface characteristics, they could cause the bacteriophage P22 particles to
partition differently in the two-phase aqueous CjoE, micellar system due to their different
affinities for each of the two coexisting micellar phases. Accordingly, Professor Jonathan
King® and researchers in the field of two-phase aqueous polymer systems (including Dr.
Harry Walter,!% Dr. Donald Brooks,'°! and Dr. Gote Johansson'®?) have stressed the need

to investigate the possible existence of a heterogeneous population of viral particles. In-
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deed, this possible mechanism has the potential of significantly influencing the partitioning
behavior of bacteriophage P22, while negligibly affecting the partitioning behavior of the
previously studied water-soluble proteins.

Although hundreds of proteins comprise the capsid of bacteriophage P22, the number of
different groups of capsids with varying affinities for the two coexisting micellar phases may
still be very few. Consequently, as a first approximation, the population of bacteriophage
P22 particles will be assumed to consist of two groups with two ﬁypes of capsids. One of the
groups will be assumed to have 100% affinity for the more abundant and larger micelles in
the top, micelle-rich phase, while the other group will be assumed to partition according to
the excluded-volume interactions. For such a bimodal population, it is shown theoretically
in Section 4.3 that approximately only 2 x 1073 of the total number of bacteriophage P22
particles need to have capsids with a strong affinity for the top, micelle-rich phase in order to
yield a viral partition coefficient similar to those measured experimentally. If such a bimodal
population of bacteriophage P22 particles did exist, then a single-stage partitioning would
remove the first group entirely into the top phase, leaving most of the particles belonging to
the second group in the bottom, micelle-poor phase. Accordingly, if the particles present in
the bottom, micelle-poor phase were partitioned again, one would have eliminated the effect
of the first group on the partitioning behavior of the second group. Therefore, the experimen-
tal study presented in this chapter tested the above-mentioned hypothesis by repartitioning
the intact bacteriophage P22 particles from the bottom phase of a first partitioning stage in
a second stage. According to the hypothesis, the bacteriophage P22 particles with capsids
that have an affinity for the top, micelle-rich phase should have been removed in the first
partitioning stage, and therefore, according to the excluded-volume theoretical prediction,
a more extreme partition coefficient of bacteriophage P22 should be observed in the second
stage. Intact bacteriophage P22 particles, and not just capsids, were partitioned because:
(1) the tailspikes have already been shown to have negligible interactions with the CjoE4
micelles, and (ii) the availability of intact bacteriophage P22 particles is greater, and they

are easier to work with than the capsids.

4.2 Materials and Methods

4.2.1 Materials

The nonionic surfactant n-decyl tetra(ethylene oxide) (CyoE4) (lot no. 6011) was pur-
chased from Nikko Chemicals (Tokyo, Japan). Bacteriophage P22 (27am/13 am) and
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the host bacterium Salmonella typhimurium strain DB7155 were obtained from Professor
Jonathan King’s laboratory. The DNA of bacteriophage P22 (27am/13~am) yields two
premature stop codons in the mRNA (where a codon is a sequence of three mRNA bases)
transcribed from genes 2 and 13, which prevent the complete synthesis of a pilot protein
(gene 2) that aids in packaging the double-stranded DNA and an enzyme necessary for cell
lysis (gene 13), respectively.?>*7 Citric acid (lot no. 0616 KCXK) and magnesium sulfate
(MgSO4) (lot no. 6070 A31581) were purchased from Mallinckrodt (Paris, KY). Disodium
phosphate (lot no. 896726) was obtained from Fisher Scientific (Fair Lawn, NJ). All these
materials were used as received. All solutions were prepared using pH 7.2 Mcllvaine’s buffer
consisting of 16.4 mM disodium phosphate and 1.82 mM citric acid in Milli-Q water. Milli-Q
water is the product of passing deionized water through Millipore’s (Bedford, MA) Milli-Q
system. All glassware used in the experiments were subjected to washing in a 50:50 ethanol:1
M sodium hydroxide bath, washing in a 1 M nitric acid bath, rinsing copiously with Milli-Q

water, and drying in an oven for at least one day.

4.2.2 Mapping the Coexistence Curve of the Two-Phase Aqueous CE,
Micellar System

The coexistence or binodal curve of the two-phase aqueous CjoE4 micellar system de-
lineates the two-phase region from the one-phase region in a temperature-C,oE4 concentra-
tion phase diagram at constant pressure (see the schematic representation in Figure 1-3).
Although the coexistence curve of the two-phase aqueous CjoE4 micellar system was previ-
ously measured at 1 atm,” the coexistence curve was again mapped out at 1 atm because
C1oE4 from a new lot was used in this experimental study. In other words, the coexistence
curve was mapped out to check for any C;oE4 lot-to-lot variability. The cloud-point method
was employed to measure the coexistence curve of the CioE4-buffer system. In this method,
test tubes, each containing 1.0 mL of a buffered aqueous C;oE4 solution, were placed in the
thermo-regulated device described in Section 3.2.4. At least two cloud-point solutions were
prepared for each CioE4 concentration to monitor the reproducibility of the measurements.
Each solution was initially equilibrated at a temperature low enough that it exhibited a single,
clear, homogeneous phase. The temperature of the solution was then raised at a rate of ap-
proximately 0.01°C/min until the solution became turbid and cloudy. The solution becomes
turbid and cloudy at the onset of phase separation because of the formation of micelle-poor
and micelle-rich domains that scatter visible light. Accordingly, the temperature at which

the solution becomes turbid and cloudy is identified as the cloud-point temperature for that
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particular CyoE4 solution, and it corresponds to a point on the coexistence curve at that

particular C;oE4 concentration.

4.2.3 Double-Stage Partitioning of the Bacteriophage P22 Particles

Buffered solutions, each containing a total volume of 3 mL, were prepared in gradu-
ated 10 mL test tubes. In the preparation of each solution, CigE,; was first mixed with
the buffer and 6 uL of a 1 M MgSO, solution. Subsequently, 0.1 mL of a concentrated
bacteriophage P22 solution was added to each of the buffered solutions. The source of the
concentrated bacteriophage P22 solution varied depending on the partitioning experiment
being performed. For partitioning experiments Y1 and Z1, corresponding to the first parti-
tioning stage, 0.1 mL of a stock solution from Professor King’s laboratory was pipetted into
the surfactant solutions. The stock solutions utilized for partitioning experiments Y1 and Z1
contained 4x10° and 4x10!! bacteriophage P22 particles/mL, respectively. For partitioning
experiments Y2 and Z2, corresponding to the second partitioning stage, the sources of the
bacteriophage P22 particles were the bottom phases of the solutions from partitioning ex-
periments Y1 and Z1, respectively. Specifically, 0.1 mL of a bottom phase was diluted into
a surfactant solution to yield the partitioning solutions utilized in partitioning experiments
Y2 and Z2. For each partitioning experiment, at least two solutions were partitioned. The
initial, overall concentrations of bacteriophage P22 particles, C, o, are reported in Table 4-1
for the various partitioning experiments. The initial, overall concentrations of CjoE4 and
MgSOy (from MgSO, in the purified bacteriophage P22 solution, as well as from the added
MgSO,) were 5.17 wt% and 2 mM, respectively. The 2 mM concentration of MgSO, was
required to ensure the stability of the bacteriophage P22 particles.

Table 4-1: The initial, overall concentrations of bacteriophage P22 in the different parti-
tioning experiments.

Partitioning Experiment | C, o (particles/mL)
Y1 (1st Stage) 1 x 108
Y2 (2nd Stage) 7 x 106
Z1 (1st Stage) 2 x 1010
Z2 (2nd Stage) 8 x 10%

The solutions were then well-mixed, and equilibrated at 4°C in the refrigerator in order for

each solution to exhibit a single, clear, homogeneous phase. The solutions were subsequently
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placed in the thermo-regulated device, which was described in Section 3.2.4, to initiate phase
separation at 21.0°C. This temperature was chosen for reasons given in Section 4.4.1. The
initial, overall CjoE, concentration in all the solutions was chosen to be 5.17 wt% to yield
two coexisting micellar phases having equal volumes at the operating temperature of 21.0°C.
A volume ratio of 1 was chosen to be consistent with the partitioning experiments that were
conducted previously.”® The solutions were maintained at this condition for 15 hours prior
to withdrawing the phases with great care using syringe and needle sets. All the partitioning
experiments in this thesis were conducted for at least 14 hours, since it was shown previously™
that partition coefficients measured after overnight partitioning did not differ from those
measured after partitioning over at least three days. The concentration of bacteriophage

P22 in each phase was measured with the plaque assay described in Section 2.2.4.

4.3 Theory

It will now be shown theoretically that a very small fraction of bacteriophage P22 par-
ticles with capsids which are different from those of the majority of the population can be
responsible for the observed partitioning behavior of bacteriophage P22. The measured viral

(bacteriophage P22) partition coefficient, K, will first be defined as follows:"

Cv,t

K,
Cv,b

(1.5)

where C,; and C,; are the concentrations of the virus in the top and bottom phases, respec-
tively. The equation for the mass balance on the virus will also be required, and it is given
by:

Cuo (Vi + Vb) = CoaVi + CupVs (4.1)

where C,  is the initial concentration of the virus, and V; and V, are the volumes of the top
and bottom phases, respectively. In most of the experiments that have been conducted to
date,’® the volume ratio (V;/V;) has been maintained at approximately 1. In that case, the
following equality applies:

V.=V (4.2)

Substituting Eq. (4.2) into Eq. (4.1), and rearranging yields:

20‘0,0‘/:‘, = (Cv,t + Cv,b) VZ (43)
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It then follows from Eq. (4.3) that the concentration of viral particles in the bottom phase

is given by:
Cv,b = 2011,0 - Cv,t (44)
Substituting Eq. (4.4) into Eq. (1.5) yields the following expression for the viral partition
coeflicient: c
K=o =" 4.5
2o — Cu (49)

Equation (4.5) can now be used to express C,; as a function of K, and C, . Specifically,

. 2I(vc"u,o

Cv,t - 1+Kv (46)

Let us now define z as the fraction of the total number of bacteriophage P22 particles
that have 100% affinity for the more abundant and larger micelles in the top, micelle-rich
phase due to having capsids with different surface characteristics. Let us also define Cftv as
the concentration of bacteriophage P22 particles partitioning into the top phase as a result of
experiencing only excluded-volume interactions with the CioE4 micelles. The total number

of bacteriophage P22 particles in the top phase is then given by:
CoitVi=Cho (Vi + W)z + C’,ftVV} (4.7)

As shown below, CEY is related to Cy, by KV, that is, the partition coefficient that results
from only considering the excluded-volume interactions between the viral particles and the
C1oE4 micelles. Specifically,

csy _oxy
CEY — Cyyp

vy

KEY = (4.8)

where the equality
Cf,}/ =Cyp (4.9)

is valid, since the viral particles partition into the bottom, micelle-poor phase due to solely
experiencing the excluded-volume interactions with the CioE4 micelles. Solving for C,; in

Eq. (4.8), and using Eq. (4.4), yields the following relation:

CrY =KV (2Cy0 — Cuy) (4.10)
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Qubstituting Egs. (4.10) and (4.2) in Eq. (4.7), and rearranging, yields:

Cop (14 KEFY) —2KEVC, g
T = (4.11)
2C, 0

Equation (4.6) will now be substituted into Eq. (4.11) to obtain an expression for z as a

function of K, and KZV. Specifically,

K,(1+KEY) o, K, — KV

= S 1+ K,

e (4.12)

Note that if only a single population of bacteriophage P22 particles did exist, then z = 0, and
Eq. (4.12) correctly yields K,, = KZV. From Figure 1-11, K, ~ 2x107%, and KV < 2x107°.
Consequently, Eq. (4.12) simplifies to:

r~ K, - KV~ K,~2x107° (4.13)

This result is very striking because it shows that only 2 x 1072 of the total number of
bacteriophage P22 particles need to have capsids with a particular affinity for the more abun-
dant and larger micelles in the top, micelle-rich phase to yield the experimentally observed
partition coefficients of bacteriophage P22. This hypothesis was tested in the experimental
study reported here by repartitioning the bacteriophage P22 particles from the bottom phase

of a first partitioning stage in a second stage.

4.4 Results and Discussion

4.4.1 Mapping the Coexistence Curve of the Two-Phase Aqueous C E,
Micellar System

The measured coexistence curve of the two-phase aqueous CioE4 micellar system, which
will also be referred to as the C;oE4-buffer system, is shown in Figure 4-1. For comparison,
the previously measured coexistence curve™ has also been included. Although the CjoEy4
from the two different lots yielded similar coexistence curves, the coexistence curve should
always be remeasured whenever CjoE, from a different lot is used. It should be noted that
C10E4 (lot no. 6011) will be used for the remainder of this thesis.

Since similar coexistence curves were obtained, the partition coefficient of bacteriophage

P22 at 21.0°C in the CoE4 (lot no. 6011)-buffer system was expected to be approximately the

87



same as the one measured in the C19E;4 (lot no. 1006)-buffer system at the same temperature.
This was indeed verified experimentally, and 21.0°C was chosen as the operating temperature
in the double-stage partitioning experiments, since the experimentally measured partition
coefficient of bacteriophage P22 at this temperature was orders of magnitude greater than
the theoretically predicted one. Accordingly, if the heterogeneous surface properties of the
capsids of bacteriophage P22 are indeed responsible for this discrepancy, a much lower par-

tition coefficient should be measured in the second stage of the déuble—stage partitioning

experiment.
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Figure 4-1: The coexistence curves of the two-phase aqueous C;oE4 micellar system for
C1oE4 from two different lots. The coexistence curve measured in this study (lot no. 6011)
consists of the gray circles. The coexistence curve measured in a previous study’ (lot no.
1006) consists of the white squares. The error bars correspond to 95% confidence limits for

the measurements.

4.4.2 Double-Stage Partitioning of the Bacteriophage P22 Particles

Two double-stage partitioning experiments were conducted with bacteriophage P22 in
the two-phase aqueous CjpE4 micellar system. Figure 4-2 summarizes the results of the
double-stage partitioning experiments, for which the mass balances on bacteriophage P22
closed to 100% within the experimental error. Although the partition coefficients obtained
after the first and second partitioning stages (K,(Y'1) = 1.9 x 1073 vs. K, (Y2) =7 x 1074,
and K,(Z1) = 1.5 x 1073 vs. K,(Z2) = 2.5 x 1073) were not the same to within error, they
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are still similar in value. Therefore, it can be concluded that, even if heterogeneities are
present in the capsids of the bacteriophage P22 particles, they do not significantly influence
the partitioning behavior of bacteriophage P22. More importantly, such heterogeneities
cannot explain the orders of magnitude discrepancy between the theoretically predicted and
experimentally measured partition coefficients of bacteriophage P22. This conclusion was
also further tested by partitioning different mutants of bacteriophage P22 in the two-phase
aqueous CyoE4 micellar system, and measuring the same partition coefficients. Note that a
few different mutants of bacteriophage P22, which were found to have the same partitioning
behavior, have been used throughout this thesis.

In addition, since all four partition coeflicients of bacteriophage P22 in Figure 4-2 were
found to be fairly similar, it can also be concluded that partitioning in the two-phase aqueous
C1oE4 micellar system is independent of the initial concentration of bacteriophage P22 (see
Section 4.2.3 for a description of the initial concentrations utilized in the experiments). This
is a requirement if the two-phase aqueous C19E, micellar system is to be used in a separation
process, since reproducible viral partition coefficients must always be achieved, regardless
of the initial viral concentration. Attaining reproducible viral partition coefficients is very
important because the viral concentration in the fermentation broth will vary from one batch
to another.

Based on the results obtained in this chapter and those obtained in Chapters 2 and 3,
the only possible source of attractive interactions between the bacteriophage P22 particles
and the C1oE4 micelles are electromagnetic interactions between the capsids of bacteriophage
P22 and the C;oE4 micelles. These electromagnetic interactions include van der Waals, ion-
dipole, and ion-induced dipole interactions,*? where the ion refers to bacteriophage P22, since
it is charged as opposed to the noncharged C;oE4 micelles. However, when the partitioning
behavior of all three bacteriophages discussed in Chapter 1 are considered together (see Fig-
ure 4-3), it seems highly unlikely that these possible attractive, electromagnetic interactions
are responsible for the observed viral partitioning behavior. These three bacteriophages have
very different sizes and properties, both external as well as internal. The external properties
include the number and type of amino acids on the surface of each bacteriophage, while an
important internal property is the dielectric constant inside each bacteriophage, since it can
influence the strength of the van der Waals interactions with the micelles.*? However, as
shown in Figure 4-3, all three bacteriophages partition similarly as a function of temper-
ature, and therefore, it is difficult to imagine that these three bacteriophages having very

different sizes and properties would experience repulsive, excluded-volume and attractive,
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Figure 4-2: The partition coefficients of bacteriophage P22 from the double-stage parti-
tioning experiments conducted in the two-phase aqueous C1oE4 micellar system. For both
double-stage partitioning experiments (Y and Z), the white and gray bars correspond to the
partition coefficients measured in the first and second stages, respectively. The error bars
correspond to 95% confidence limits for the measurements.
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electromagnetic interactions with the C;oE4 micelles that exactly cancel each other to yield
similar partition coefficients. Accordingly, it was concluded that the observed viral partition-
ing behavior is most probably not a result of a balance between repulsive, excluded-volume
and attractive, electromagnetic interactions. In view of this, other assumptions underlying
the excluded-volume theory were challenged. In particular, the assumption that macroscopic
phase separation equilibrium is achieved in the two-phase aqueous CoE4 micellar system was

investigated, and the results of this investigation are reported in Chapter 5.
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Figure 4-3: The partition coefficients of three bacteriophages as a function of tempera-
ture. This figure summarizes the partitioning data for the three bacteriophages discussed in
Chapter 1 on a single plot. The various symbols represent the partition coefficients of the
following three different bacteriophages: P22 (black squares), ¢X174 (white circles), and T4
(white triangles). The error bars correspond to 95% confidence limits for the measurements.
Note that the error bars appear asymmetric due to the use of a semi-logarithmic plot.

4.5 Conclusions

Double-stage partitioning experiments were conducted with bacteriophage P22 in the
two-phase aqueous CjoE4 micellar system at 21.0°C. Since the measured partition coeffi-
cients of bacteriophage P22 before and after repartitioning were found to be similar, it was
concluded that, even if heterogeneities do exist among the capsids of bacteriophage P22, they

do not significantly influence the partitioning behavior of bacteriophage P22. In particular,
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they cannot be invoked to rationalize the discrepancy between the theoretically predicted
and experimentally measured partition coefficients of bacteriophage P22. Based on this con-
clusion and those from Chapters 2 and 3, the only remaining possible source of attractive
interactions between the bacteriophage P22 particles and the CyoE4 micelles are electromag-
netic interactions between the capsids of bacteriophage P22 and the CyoE4 micelles. However,
since all three, very different bacteriophages discussed in Chapter 1 were found to partition
similarly, these attractive, electromagnetic interactions are most probably not respounsible for
the observed viral partitioning behavior. Specifically, it is difficult to envision that the re-
pulsive, excluded-volume and attractive, electromagnetic interactions associated with these
three bacteriophages having very different sizes and properties (both external as well as in-
ternal) would precisely balance each other to yield similar partition coeflicients. Therefore,
these possible attractive, electromagnetic interactions were ruled out as “suspects”, and the
other assumption underlying the excluded-volume theory was challenged. In particular, in
Chapter 5, we report our investigation of the assumption that the entire two-phase aqueous

C10E4 micellar system attains macroscopic phase separation equilibrium.
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Chapter 5

Investigating the Effect on the Viral Partition
Coefficient of Micelle-Poor Domains Being
Entrained in the Macroscopic, Top,
Micelle-Rich Phase

5.1 Introduction

As discussed in Sections 4.4.2 and 4.5, attractive interactions between the viral particles
and the CioE; micelles are probably not responsible for the observed orders of magnitude
discrepancy between the theoretically predicted and experimentally measured viral partition
coefficients. Therefore, the other underlying assumptions of the excluded-volume theory must
be challenged in order to identify other possible mechanisms, in addition to the excluded-
volume interactions, that control viral partitioning. The biggest “clue” for identifying these
other possible mechanisms is that they should significantly affect viral partitioning, while
having little or no impact on protein partitioning, since the excluded-volume theory predicts
reasonably well the experimentally observed partition coefficients of water-soluble proteins.

In addition to assuming that only repulsive, excluded-volume interactions operate be-
tween the viruses and the CioE4 micelles, the excluded-volume theory also assumes that
macroscopic phase separation equilibrium, which is described below, is attained in the two-
phase aqueous CjgE4 micellar system. When phase separation is induced, micelle-rich and
micelle-poor domains form in the solution. The micelle-rich domains must collide into each
other, coalesce, and rise to form the macroscopic top phase. Similarly, the micelle-poor
domains must also collide into each other, coalesce, and sediment to form the macroscopic
bottom phase. Macroscopic phase separation equilibrium is being used to refer to the con-

dition in which all the micelle-rich and micelle-poor domains are in their corresponding
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macroscopic phases prior to withdrawing the top and bottom phases. However, this may not
be true experimentally, since there could be micelle-poor domains entrained in the macro-
scopic, top, micelle-rich phase, as well as micelle-rich domains entrained in the macroscopic,
bottom, micelle-poor phase. Consequently, the concentration of viral particles measured in
each phase could be affected by the presence of these entrained domains. However, the con-
centration of water-soluble protein, on the other hand, should hopefully not be significantly
affected by the entrained domains in either phase; since the excluded-volume theory already
predicts reasonably well their partition coefficients.

The entrainment of micelle-poor domains in the macroscopic, top, micelle-rich phase is
investigated theoretically in Section 5.3, along with the entrainment of micelle-rich domains
in the macroscopic, bottom, micelle-poor phase. With regard to the entrained micelle-poor
domains, it is shown theoretically in Section 5.3.1 that only a very small volume fraction
of the macroscopic, top, micelle-rich phase needs to be comprised of micelle-poor domains
in order to yield the currently measured viral partition coefficients. In accordance with
the biggest “clue” concept put forward above, this effect is also shown theoretically in Sec-
tion 5.3.1 to negligibly influence the partition coefficients of the previously studied water-
soluble proteins. As will now be discussed, this difference regarding the effect of entrainment
on viral and protein partition coefficients can be physically understood without invoking the
equations of Section 5.3.1. If the viral particles are indeed partitioning according to the
excluded-volume theory, the concentration of viral particles in the micelle-poor domains is
orders of magnitude greater than that in the micelle-rich domains. Consequently, even if
there are only a few micelle-poor domains entrained in the macroscopic, top, micelle-rich
phase (see Figure 5-1a for a schematic representation of this scenario), the overall concentra-
tion of viral particles in the top phase will be measured as being much greater than if there
were no entrained micelle-poor domains. Measuring a higher concentration of viral particles
in the top phase will yield a partition coefficient that is larger than that predicted by the
excluded-volume theory. On the other hand, in the case of the water-soluble proteins dis-
cussed in Chapter 1, the excluded-volume theory predicts protein partition coeflicients that
are between 0.1 and 1. The concentration of protein in the micelle-poor domains is therefore
approximately equal to that in the micelle-rich domains. Accordingly, entrainment of a few
micelle-poor domains in the macroscopic, top, micelle-rich phase should negligibly affect the
measured overall concentration of protein in that top phase. The protein partition coefficient
is therefore expected to be approximately equal to the one predicted by the excluded-volume

theory, even in the presence of entrainment.
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The opposite scenario, that is, having micelle-rich domains entrained in the macroscopic,
bottom, micelle-poor phase (see Figure 5-1b), is shown theoretically in Section 5.3.2 to
have a negligible effect on both viral and protein partition coefficients. For the water-
soluble protein, this is again physically intuitive because the concentration of protein in
the micelle-rich domains is similar to that in the micelle-poor domains. However, for the
virus, the concentration of virus in the micelle-rich domains is expected to be orders of
magnitude lower than that in the micelle-poor domains according to the excluded-volume
theory. Consequently, a few entrained micelle-rich domains in the macroscopic, bottom,
micelle-poor phase should only cause a slight dilution of the overall concentration of virus
that is measured in the bottom phase. The viral partition coefficient in this case is therefore
expected to be similar to the value predicted by the excluded-volume theory, even in the

presence of entrainment.
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Figure 5-1: Schematic representation of: (a) the entrainment of micelle-poor (virus-rich)
domains in the macroscopic, top, micelle-rich phase, and (b) the entrainment of micelle-
rich (virus-poor) domains in the macroscopic, bottom, micelle-poor phase. The gray and
white colors are used to denote the micelle-rich and micelle-poor domains, respectively. The
concentration of virus in the micelle-poor domains, based on the excluded-volume theory, is
predicted to be orders of magnitude larger than that in the micelle-rich domains. In contrast,
according to the excluded-volume theory, the concentration of water-soluble protein in the
micelle-poor domains is predicted to be approximately equal to that in the micelle-rich
domains.

Based on the discussion above, the entrainment of micelle-rich (virus-poor) domains
in the macroscopic, bottom, micelle-poor phase is not expected to be responsible for the

experimentally observed viral partitioning behavior. In contrast, the entrainment of micelle-
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poor (virus-rich) domains in the macroscopic, top, micelle-rich phase may be responsible
for the observed orders of magnitude discrepancy between the experimentally measured and
theoretically predicted viral partition coefficients. It can therefore be hypothesized that the
entrainment of micelle-poor (virus-rich) domains in the macroscopic, top, micelle-rich phase
may significantly influence the measured viral partition coefficients, while having little or no
impact on the measured protein partition coefficients. In addition, entrainment should be
investigated because it has already been shown to be presént in two-phase aqueous polymer
systems.!03

The experimental study described in this chapter was conducted to test this hypothesis.
Although centrifugation appears initially to be a good method for removing entrainment,
preliminary experiments demonstrated that centrifugation leads to a slight increase in the
temperature, which forces the system to undergo a new phase separation process. As a
result, new micelle-rich and micelle-poor domains form, and it becomes difficult to decouple
the domains that have just formed (as a result of the new phase separation process) from
those that have been entrained (as a result of the previous phase separation process). Con-
sequently, centrifugation was not employed in this study. Although waiting for the entrained
domains to reach their corresponding macroscopic phases also appears initially to be a good
method, previous studies in the two-phase aqueous CioE4 micellar system have shown that
the partition coefficient of bacteriophage P22 does not change even after 2 weeks of parti-
tioning.”™ This is not surprising, because domains can remain entrained for very long periods
of time even in oil-water-surfactant systems where the two phases are more dissimilar. Con-
sequently, centrifuging and partitioning over a long period of time were not exploited, and a
different experimental technique was pursued.

A systematic and simple experimental method was developed previously to demonstrate
the existence of entrainment in two-phase aqueous polymer systems.'%® In this experimental
method, the volume ratio is varied from being much less than 1 to being much greater than 1.
As explained below, if this experimental method is applied to the two-phase aqueous CyoE4
micellar system, a volume ratio that is much less than 1 (V;/V, << 1) is expected to entrain
micelle-rich domains in the macroscopic, bottom, micelle-poor phase, whereas a volume ratio
that is much greater than 1 (V;/V, >> 1) is expected to entrain micelle-poor domains in
the macroscopic, top, micelle-rich phase. For a volume ratio that is much less than 1 at
the end of the phase separation process, there are more micelle-poor (virus-rich) domains
than micelle-rich (virus-poor) domains when phase separation is induced. Accordingly, the

micelle-rich (virus-poor) domains experience difficulty in finding each other and coalescing,
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since each micelle-rich (virus-poor) domain is surrounded primarily by micelle-poor (virus-
rich) domains at the onset of the phase separation process (see Figure 5-2a for a schematic
representation). Consequently, some micelle-rich (virus-poor) domains can get entrained in
the macroscopic, bottom, micelle-poor phase. On the other hand, when the final volume
ratio is much greater than 1, the onset of the phase separation process can be viewed as
shown schematically in Figure 5-2b. In this scenario, there are more micelle-rich (virus-poor)
domains than micelle-poor (virus-rich) domains. Consequently, the micelle-poor (virus-rich)
domains experience difficulty in finding each other and coalescing, since each micelle-poor
(virus-rich) domain is surrounded primarily by micelle-rich (virus-poor) domains. Therefore,

some micelle-poor domains can get entrained in the macroscopic, top, micelle-rich phase.
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Figure 5-2: Schematic representation of the onset of the phase separation process when
employing a volume ratio that is: (a) much less than one, and (b) much greater than one.

The gray and white colors are used to denote the micelle-rich (virus-poor) and micelle-poor
(virus-rich) domains, respectively.

Although utilizing a volume ratio that is much less than 1 does not guarantee the removal
of all the micelle-poor (virus-rich) domains in the macroscopic, top, micelle-rich phase, the
fraction of entrained micelle-poor (virus-rich) domains in the top phase is expected to de-
crease when the volume ratio is decreased from being much greater than 1 to being much less
than 1. As a result, if the entrainment hypothesis is correct, the concentration of virus in the
top phase should decrease when the volume ratio is decreased from being much greater than
1 to being much less than 1. The concentration of virus in the bottom phase, however, will
remain essentially constant, since, as explained above, entraining micelle-rich (virus-poor)

domains in the bottom phase has a negligible effect on the measured concentration of virus
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in the bottom phase. Therefore, based on this hypothesis, the viral partition coefficient is
expected to decrease as the volume ratio is decreased from being much greater than 1 to
being much less than 1.

As an initial, more qualitative test of the proposed experimental method which exploits
varying the volume ratio, photographs of the two-phase aqueous CioE4 micellar system,
which will also be referred to as the C;gE4-buffer system, were taken for volume ratios that
were much less than 1 and much gfeater than 1. Photographs were taken because the en-
trained domains in a macroscopic phase were expected to scatter visible light, similar to
when an oil-water mixture appears “milky” and turbid after vigorous shaking. Although
taking photographs through a microscope to actually see the domains would be more de-
sirable, preliminary attempts to obtain these microscale photographs have shown that the
temperature cannot be controlled well enough to prevent the onset of phase separation. In
particular, the radiative heat from the light source of the microscope was enough to slightly
increase the temperature and force the system to undergo a new phase separation process.
Since the onset of phase separation is associated with the formation of new micelle-rich and
micelle-poor domains, it became difficult to decouple the domains that had just formed (as
a result of the new phase separation process) from those that had been entrained (as a result
of the previous phase separation process). Consequently, only photographs on a macroscopic
scale were taken of the two-phase aqueous CioE4 micellar system.

A more precise, quantitative experimental test of the hypothesis put forward, however,
involved the partitioning of a model protein and a model virus in the two-phase aqueous
C19E4 micellar system with volume ratios that were much greater than 1 and much less
than 1. Cytochrome ¢ was chosen as the model protein because its partitioning behavior
is already predicted reasonably well by the excluded-volume theory (see Figure 1-6), and it
is also: (i) water-soluble, (ii) available in high purity, and (iii) easy to assay using visible
absorbance measurements. Bacteriophage P22 was selected as the model virus because: (i)
its experimentally measured partition coefficients differ significantly from its predicted ones
(see Chapter 1), (ii) it is readily available in high purity from Professor Jonathan King’s
laboratory, (iii) it is safer to use than mammalian viruses, and (iv) its concentration can
be measured with reasonable accuracy using the plaque assay described in Section 2.2.4. If
the proposed hypothesis is correct, the partition coeflicient of cytochrome c is expected to
remain constant as the volume ratio is decreased from a value that is much greater than 1
to a value that is much less than 1, while the partition coefficient of bacteriophage P22 is

expected to decrease with the decrease in the volume ratio.
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The remainder of this chapter is organized as follows. In Section 5.2, the materials and
experimental methods are detailed. Section 5.3 provides a theoretical analysis of entrain-
ment. In Section 5.4, the experimental and theoretical results are presented and discussed.

Finally, concluding remarks are presented in Section 5.5.

5.2 Materials and Methods

5.2.1 Materials

The nonionic surfactant n-decyl tetra(ethylene oxide) (CioE4) (lot no. 6011) was obtained
from Nikko Chemicals (Tokyo, Japan). Cytochrome ¢ (lot no. 77H7052) and sodium L-
ascorbate (lot no. 46H02965) were purchased from Sigma (St. Louis, MO). Bacteriophage
P22 (5-am/13"am) and the bacteriophage P22 host bacterium, Salmonella typhimurium
strain DB7155, were provided by Professor Jonathan King’s laboratory. Citric acid (lot
no. 0616 KCXK) and magnesium sulfate (MgSO,4) (lot no. 6070 A31581) were purchased
from Mallinckrodt (Paris, KY). Disodium phosphate (lot no. 896726) was obtained from
Fisher Scientific (Fair Lawn, NJ). All these materials were used as received. All solutions
were prepared using pH 7.2 Mcllvaine’s buffer consisting of 16.4 mM disodium phosphate and
1.82 mM citric acid in Milli-Q water. Milli-Q water is the product of passing deionized water
through Millipore’s (Bedford, MA) Milli-Q system. All glassware used in the experiments
were subjected to washing in a 50:50 ethanol:1 M sodium hydroxide bath, washing ina 1 M
nitric acid bath, rinsing copiously with Milli-Q water, and drying in an oven for at least one

day.

5.2.2 Photographing the Two-Phase Aqueous C,(E; Micellar System with

Different Volume Ratios

Two buffered solutions, each with a total volume of 5.7 mL, were prepared in test tubes.
One solution, containing 1.50 wt% CioE4 and 2 mM MgSQy, yielded a volume ratio that was
much less than 1 at room temperature. The other solution, containing 9.80 wt% CyoE4 and
2 mM MgSQy, yielded a volume ratio that was much greater than 1 at room temperature.
Graduated test tubes were not used to hold these solutions because the graduations, or
markings, made the photographs less clear. These solutions were first mixed and equilibrated
at 4°C in order for each solution to exhibit a single phase. The test tubes containing the
solutions were subsequently clamped to a test tube stand, and allowed to equilibrate with the

surrounding air at room temperature. The solutions were not placed in the thermo-regulated
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device described in Section 3.2.4 because preliminary photographs that were taken of the
solutions in the device appeared blurry. The photographs of the solutions in the device had
less clarity because of the additional changes in the index of refraction associated with the
light passing through the glass box and then through the water in the box. A white piece of
paper filled with the letter “X” was then placed behind the tubes to aid in visualizing the
turbidity of each phase. Specifically, if the “X” was not visible, the macroscopic phase was
definitely turbid and “milky”. On the other hand, if the “X” was ifisible, the macroscopic
phase was more clear and less turbid. Since the entrained domains can scatter visible light,
the turbidity in a macroscopic phase was used as an indicator to qualitatively determine the
extent of entrainment. In other words, a less turbid macroscopic phase corresponded to less
entrainment of domains, and vice versa. The photographs were taken after the solutions were
allowed to sit at room temperature for 3 to 4 hours. The reasons for choosing a duration of

3 to 4 hours are given in Section 5.4.1.

5.2.3 Partitioning Bacteriophage P22 and Cytochrome ¢ with Different Volume

Ratios

For every partitioning experiment, five buffered solutions, each having a total volume of
5.5 mL, were prepared in graduated 10 mL test tubes. For the bacteriophage P22 parti-
tioning experiments, four of the solutions contained C;oE4, bacteriophage P22, and 2 mM
MgSO, (which was required to ensure the stability of bacteriophage P22), while the fifth
solution served as the control containing the same concentrations of CigE4 and MgSO,4 but
no bacteriophage P22. Similarly, for the cytochrome ¢ partitioning experiments, four of the
solutions contained CigE4 and cytochrome ¢, while the fifth solution served as the control
containing the same concentration of CiqE4 but no cytochrome c. Since 2 mM MgSO, was
only required for the stability of bacteriophage P22, it was not utilized in the cytochrome c
partitioning experiments. The initial, overall concentrations of CqE4, bacteriophage P22,
and cytochrome c in the twelve different partitioning experiments are provided in Table 5-1.
The solutions were first mixed, and then equilibrated at 4°C in order for each solution to
exhibit a single phase. The solutions were subsequently placed in the thermo-regulated de-
vice described in Section 3.2.4 to initiate phase separation at a particular temperature. The
various partitioning temperatures are also listed in Table 5-1, along with the volume ratios
attained in the experiments. Solutions were maintained at this condition for 24 hours before
the two coexisting micellar phases were withdrawn with great care using 1 mL syringe and

needle sets. All the partitioning experiments in this thesis were conducted for at least 14
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Table 5-1: The conditions of the six bacteriophage P22 and the six cytochrome c partition-

ing experiments in the two-phase aqueous CjoE,4 micellar system.

Initial Initial

Initial Concentration of | Concentration of | Partitioning | Volume
Concentration | Bacteriophage P22 | Cytochrome ¢ | Temperature | Ratio
of C1oE4 (wt%) (particles/mL) (g/L) (°C) (Vi/Va)

0.970 9.6 x 107 0 19.6 0.1

0.970 0 0.32 19.6 0.1

4.65 6.5 x 107 0 19.6 10

4.65 0 0.32 19.6 10

0.991 9.2 x 107 0 20.2 0.1

0.991 0 0.32 20.2 0.1

6.14 6.4 x 107 0 20.2 10

6.14 0 0.32 20.2 10

1.10 9.6 x 107 0 21.0 0.1

1.10 0 0.32 21.0 0.1

8.25 8.4 x 107 0 21.0 10

8.25 0 0.32 21.0 10
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hours, since it was previously shown™ that partition coeflicients measured after overnight
partitioning were similar to those measured after partitioning over at least three days. The
concentration of bacteriophage P22 in each phase was measured with the plaque assay de-
scribed in Section 2.2.4. The concentration of cytochrome ¢ in each phase was determined
as described in Section 5.2.4 below.

The partitioning temperatures of 19.6°C and 21.0°C were chosen because they were close
to the minimum and maximum operating temperatures that had already been used.™ The
temperature of 20.2°C was chosen because it was approximately in the middle of the range
defined by the temperatures of 19.6°C and 21.0°C. These three partitioning temperatures
were also selected because the experimentally measured partition coefficients of bacterio-
phage P22 were found to be orders of magnitude greater than the theoretically predicted
ones at these temperatures. Accordingly, if the entrainment of micelle-poor domains in the
macroscopic, top, micelle-rich phase was responsible for this discrepancy between experiment
and theory, a significant decrease in the partition coefficient was expected to be observed
for bacteriophage P22 when the volume ratio was decreased from being much greater than 1
to being much less than 1. After selecting the partitioning temperatures, the initial, overall
concentrations of C1oE, were chosen for the different experiments to yield volume ratios that
were approximately equal to 10 and 0.1. These volume ratios were chosen because they
differed by a factor of 100. More extreme volume ratios, such as, 100 and 0.01, were not
utilized because of the difficulties associated with using a syringe to withdraw a very small
sample volume. Indeed, even for volume ratios that are approximately equal to 10 and 0.1,
the volume of the small phase is only 0.5 mL. Although the volume of the small phase could
be increased by increasing the total solution volume and increasing the size of the test tubes,
different test tubes were not used, and the same graduated 10 mL test tubes were utilized

to ensure consistency between all the partitioning experiments.

5.2.4 Experimentally Evaluating the Partition Coefficient of Cytochrome c

The partition coefficient of cytochrome ¢ was determined by measuring the concentrations
of cytochrome c in the top and bottom phases of a partitioning solution. The concentration
of cytochrome ¢ in each phase was determined as described below. After first adding sodium
L-ascorbate to each phase to reduce cytochrome c, the phases were transferred to cuvettes
and placed in a cuvette holder that was maintained at a temperature of 14 to 15°C to
prevent the onset of phase separation. Visible absorbance readings of the sample and the

control were then taken at 549.5 nm (where cytochrome ¢ absorbs visible light) and 600 nm
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(to define the zero absorbance for each solution) using a Shimadzu UV-160U UV-Visible
Recording Spectrophotometer (Columbia,MD). Note that the absorbances of the sample
and the control at 600 nm were measured to ensure that the same baseline was employed
for all the different solutions. Specifically, the absorbance at 600 nm was measured and set
equal to zero to remove any constant offsets or systematic errors associated with comparing
absorbance readings from different cuvettes. Although quartz cuvettes of the same type
were purchased from the same manufacturer to minimize this source of systematic error, the
error was not negligible for the absorbance readings in our experiments. The wavelength of
600 nm was selected to define the zero absorbance because it corresponded to a wavelength
where there was little or no measured absorbance in all the solutions. Absorbance readings
of a particular sample at 549.5 nm and 600 nm were then taken and referenced to those
obtained from the control to eliminate the contribution due to scattering from the micelles

present in the solutions. This is shown in the following two equations:
A t549.5nm,cor = (Ast,509.5nm — Ast,600nm) — (Ac,t,549.50m — Ac,t,600nm) (5.1)

and

Aq b549.5nm,cor = (As b,549.5nm — As,b,600nm) — (Ac,b,549.5nm — Ac,b,600nm) (5.2)

where Aj ;549 5nm,cor a0d Agp 579.5nm,cor are the corrected absorbance readings at 549.5 nm
for the sample’s top and bottom phases, respectively, As; s5/9.5nm and Agp 5.9.5nm are the
actual absorbance readings at 549.5 nm for the sample’s top and bottom phases, respectively,
Ayt 60onm and A; p 6oonm are the actual absorbance readings at 600 nm for the sample’s top and
bottom phases, respectively, Ac ¢ 5/9.5nm and Ay 549 5nm are the actual absorbance readings at
549.5 nm for the control’s top and bottom phases, respectively, and A soonm and Ac s 600nm
are the actual absorbance readings at 600 nm for the control’s top and bottom phases,
respectively. The absorbance readings of the top and bottom phases of the control were
required to account for the light scattering from the micelles. The control’s top phase
contains the same concentration of micelles as the sample’s top phase, but contains no
protein. The same is true with regard to the bottom phases of the control and the sample.
The micelles in each sample phase scatter some of the incident light in many directions, which
causes a decrease in the intensity of light that actually reaches the detector. Accordingly,

the measured absorbance of each sample phase will be greater than that due to a sample
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phase containing cytochrome c alone, since the absorbance of the solution is defined as:!%
I
A =log (-Ig) (5.3)

where I is the intensity of light transmitted by the absorbing solution (the intensity of light
that actually reaches the detector), and Iy is the intensity of incident light (the intensity
that leaves the source). Therefore, in order to subtract the contribution to the absorbance
due to the micelles, absorbance measurements of the control’s top and bottom phases were
conducted, and Egs. (5.1) and (5.2) were used. The corrected absorbance readings evaluated
using Eqgs. (5.1) and (5.2) were found to be directly proportional to the concentrations of

cytochrome ¢, which was in agreement with the following Beer-Lambert law:!%4
A=ed,C (5.4)

where e is the absorption coefficient of the solution, d, is the path length of the cuvette, and
C is the concentration of the absorbing species (cytochrome c) in the solution.
Recall that the protein partition coefficient, K,, is defined as follows:”
Cpt
K,=-2 1.3)
V4 Cp,b (
where Cp; and C, are the concentrations of protein in the top and bottom phases, respec-
tively. The protein partition coefficient quantifies the distribution of a particular protein
between the two coexisting phases. Since the Beer-Lambert law (Eq. (5.4)) was found to
apply for cytochrome ¢, the partition coefficient of cytochrome ¢ was evaluated as follows:
[Asztz549.5nm!corJ
€t
K, = - 5.5
P [Aszbz549.5nmzcor] ( )

€

where ¢; and ¢, are the absorption coefficients of the top and bottom phases, respectively.
Note that the path length, d,, does not appear in Eq. (5.5), since it has the same value for all
the cuvettes, and therefore, cancels out in the ratio (see Egs. (1.3) and (5.4)). The absorption
coefficient, on the other hand, is a weak function of the temperature and the environment

04 Although the temperature was maintained constant, it was

surrounding the protein.
not clear if the presence of more micelles in the top phase would give rise to a different

solvent effect with regard to absorbance when compared to the bottom phase. However,
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after measuring standard curves of absorbance as a function of protein concentration at
different concentrations of C,9E4, the absorption coefficient was experimentally found to be

the same between the top and bottom phases. Therefore, Eq. (5.5) can be rewritten as

follows: A
K. = s,t,549.5nm, cor (56)

As,b,549.5nm,cor
Accordingly, the protein partition coefficient was evaluated by taking the ratio of the cor-

rected absorbance reading of the top phase and that of the bottom phase.

5.2.5 Measuring the Viscosities of Buffered C,(E; Solutions

In Section 5.3.3, the viscosity of the macroscopic, top, micelle-rich phase is shown to
be a possible factor influencing the entrainment of micelle-poor domains in the macrocopic,
top, micelle-rich phase. In particular, it is shown that increasing the viscosity of the macro-
copic, top, micelle-rich phase can decrease the settling velocity of a sedimenting micelle-poor
domain by increasing the Stokes drag force on the micelle-poor domain. This decrease in
the settling velocity can then give rise to more micelle-poor domains being entrained in the
macroscopic, top, micelle-rich phase when the top phase is withdrawn. The viscosity of the
macroscopic, top, micelle-rich in the CyoE4-buffer system is also expected to increase with an
increase in the temperature, since the C,oE4 concentration in the macroscopic, top, micelle-
rich phase increases with an increase in temperature (see Figure 4-1). Since viral partitioning
experiments were already being conducted as a function of temperature (see Section 5.2.3),
viscosity measurements of buffered C;qE4 solutions were also performed to identify any cor-
relation between the measured viral partition coeflicients and the measured viscosities. For
the partitioning experiments conducted at 19.6°C, 20.2°C, and 21.0°C, the concentrations
of CyoE4 in the macroscopic, top, micelle-rich phase were 5.37 wt%, 7.46 wt%, and 10.2
wt%, respectively (see the coexistence curve for the CijoE4 (lot no. 6011)-buffer system in
Figure 4-1). Therefore, in order to identify a trend in the viscosities of the macroscopic, top,
micelle-rich phases encountered in the partitioning experiments, the viscosities of buffered
Cy0E4 solutions containing 5 wt% and 10 wt% C1oE, were measured as described below.

The solution viscosity was measured using a Cannon (State College, PA) capillary vis-
cometer (Cannon-Ubbelhode semi-micro dilution viscometer, no. 100 K888). In these ex-
periments, the time required for a fixed volume of the solution to flow through the vertical
capillary tube is measured, and the solution viscosity can then be calculated from this time
period. A 10 wt% C;oE4 solution was first poured into the viscometer. The viscometer was

then vertically held in a water tank connected to a water bath. This set-up was similar to
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that of the thermo-regulated device described in Section 3.2.4, except that a very large water
tank was used in place of the smaller plastic or glass box. A large water tank was required
in order for the viscometer to be completely immersed in the water. The temperature of
the water throughout the entire tank was maintained constant at 16.0°C. This temperature
was chosen to ensure that both the 10 wt% and 5 wt% CyoE4 solutions exhibited a single
phase during the measurements. Before taking any measurements, the solution was kept
in the viscometer in the water tank for at least 20 minutes to ensure the attainment of
thermal equilibrium. After allowing the solution to thermally equilibrate, the solution was
drawn up through the capillary tube to position the meniscus of the solution at a prescribed
horizontal position marked on the viscometer. The time required for a fixed volume of the
solution to flow through the capillary, as denoted by the solution meniscus passing through
two horizontal marks on the viscometer (the original one and a lower one), was measured.
This procedure was repeated at least three times.

Following the viscosity measurement of the 10 wt% CioE4 solution, buffer was added
directly into the viscometer to dilute the solution to half of its original concentration, that
is, to 5 wt%. The viscometer was then shaken gently to ensure that the solution inside was
uniformly mixed. As in the case of the 10 wt% CyoE4 solution, the 5 wt% CypE4 solution
was kept in the viscometer in the water tank for at least 20 minutes before taking any

measurements to ensure the attainment of thermal equilibrium.

5.3 Theory

5.3.1 Estimation of the Effect of Micelle-Poor (Virus-Rich) Domains Being
Entrained in the Macroscopic, Top, Micelle-Rich Phase

It will now be shown theoretically that only a very small volume fraction of the macro-
scopic, top, micelle-rich phase needs to be comprised of micelle-poor (virus-rich) domains in
order to yield the experimentally measured viral partition coefficients. In accordance with
the biggest “clue” concept described in Section 5.1, this effect will also be shown theoreti-
cally to negligibly influence the partition coefficients of the previously studied water-soluble
proteins.

The measured viral partition coefficient, K,, will first be defined as follows:™

Cv,t

K,
Cy

IH

o

El



where C,; and C,; are the concentrations of the virus in the top and bottom phases, respec-
tively. Let us now define x to be the volume fraction of the macroscopic, top, micelle-rich
phase that corresponds to the micelle-poor domains. Let us also define CZY, and CEY,
to be the concentrations of virus in the micelle-rich and micelle-poor domains, respectively.
Note that, in the derivation that follows, it is assumed that the virus, and also the protein
(see below), partition between the micelle-rich and micelle-poor domains according to the
excluded-volume theory. The overall concentration of virus that is measured in the top phase

is therefore given by:
_ (1-—1x) %Cfxch + zV,CEV

Cor = v, e (5.7)

where V; is the volume of the macroscopic, top phase. Cancelling the V; terms in Eq. (5.7)
yields:

Cop=(1—x)Crln+3Cor (5.8)

As shown below, CEY . is related to CEY by KEV| that is, by the partition coefficient that

v,Tich v,poor

results from only considering the excluded-volume interactions between the virus and the

Ci0E4 micelles. Specifically,

ov _ Curien
v,ric
K‘U = -——-—ET‘T— (5.9)
v,poor
Solving Eq. (5.9) for CEY,, yields:
Cf,‘xch = Kfvcfj‘)fmr (510)

Substituting Eq. (5.10) in Eq. (5.8), and rearranging yields:

v, poor

Coy=CEV [KEV + 2 (1- KFY)] (5.11)

Combining Egs. (1.5) and (5.11) then yields:

_ Copor [KEV +z(1- K] (5.12)

K,
Cv,b

Since only the entrainment of micelle-poor (virus-rich) domains in the macroscopic, top,
micelle-rich phase is being considered in this derivation, the entrainment of micelle-rich
(Virus-poor) domains in the macrocopic, bottom, micelle-poor phase will be neglected in
this derivation. (Note, however, that Section 5.3.2 examines theoretically the entrainment

of micelle-rich (virus-poor) domains.) Assuming no entrainment of micelle-rich (virus-poor)
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domains, the following equation also applies:

Cv,b = CFY (5.13)

v,poor
Substituting Eq. (5.13) in Eq. (5.12) yields:
K, =K +z(1-KEY) (5.14)

Note that if there was no entrainment of micelle-poor domains, then z = 0, and Eq. (5.14)
correctly yields K, = KEV. For bacteriophage P22, K, ~ 2 x 1073, and KV « 2 x 1073
based on Figure 1-11. Consequently, Eq. (5.14) simplifies to:

K,~2x1073~z (5.15)

This result is very striking because it shows that only 2 x 10~ of the total top phase
volume needs to be comprised of micelle-poor domains in order to yield the observed viral
partition coefficient. As will now be shown, this effect is negligible for the partition coeffi-
cients of water-soluble proteins. The derivation of Eq. (5.14) is also valid for a water-soluble
protein, where “p” for protein replaces “v” for virus in the subscripts. Accordingly, Eq. (5.14)

for a water-soluble protein is given by:
K, =KV +z(1-K}) (5.16)

In contrast to viral partitioning, Kf V'is between 0.1 and 1. However, the worst case scenario
will be investigated to demonstrate that the entrainment of micelle-poor domains in the
macroscopic, top, micelle-rich phase can only have a small effect on the experimentally
measured protein partition coefficients. With regard to z, z = 0.1 > 2 x 10~3 corresponds
to a highly unlikely situation, since some of the entrained micelle-poor domains should be able
to coalesce and sediment if one-tenth of the total top phase volume is comprised of the micelle-
poor domains. With regard to K, Kfv = 0.1 represents the worst case scenario, since the
difference in protein concentrations between the two domains is the largest. For z = 0.1
and KV = 0.1, K, would only be 0.19, which is less than twice the value of KV = 0.1.
Therefore, even in this very unlikely case where one-tenth of the total top phase volume
is comprised of micelle-poor domains, K, and Kfv are not orders of magnitude different.
Therefore, the hypothesis put forward regarding the possible entrainment of micelle-poor

domains in the macroscopic, top, micelle-rich phase is one that can significantly affect viral
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partitioning, while negligibly affecting protein partitioning. As discussed in Section 5.1, this
hypothesis was investigated in this experimental study by partitioning cytochrome ¢ and

pacteriophage P22 with different volume ratios.

5.3.2 Estimation of the Effect of Micelle-Rich (Virus-Poor) Domains Being

Entrained in the Macroscopic, Bottom, Micelle-Poor Phase

It will now be shown theoretically that, unlike the scenario described in Section 5.3.1,
the entrainment of micelle-rich (virus-poor) domains in the macrocopic, bottom, micelle-poor
phase has a negligible effect on both the viral and protein partition coefficients.

Let us define y to be the volume fraction of the macroscopic, bottom, micelle-poor phase
that corresponds to the micelle-rich (virus-poor) domains. The overall concentration of virus
that is measured in the bottom phase is therefore given by:

(1 — y) VoClipor + YV5Corich

Cop = T (5.17)

where V, is the volume of the macroscopic, bottom phase. Cancelling the V, terms in
Eq. (5.17) yields:
Cop=(1-y)CEY .+ nyr‘:ch (5.18)

v, poor

Solving Eq. (5.9) for CPY  yields:

cEV = Corich 5.19
v,poor ‘R—ET/_ ( . )

Substituting Eq. (5.19) in Eq. (5.18), and rearranging yields the following relation:

1 1
Cob = Cluric i'k?“”y(l”KEV)i (520)

Multiplying Eq. (5.20) by 1 in the form of (KZV/KEV) then yields:

EV

Cop = (CKEV"> [1+y (KEV-1)] (5.21)

Combining Egs. (1.5) and (5.21) yields:

EV
Coi K,

= .22
CEV i+ y (KFV = 1)) (5:22)

K,
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Since only the entrainment of micelle-rich (virus-poor) domains in the macroscopic, bottom,
micelle-poor phase is being considered in this derivation, the entrainment of micelle-poor
(virus-rich) domains in the macrocopic, top, micelle-rich phase will be neglected in this
derivation. Accordingly, the following equation also applies:

C,, = CEY (5.23)

v,rich

Substituting Eq. (5.23) in Eq. (5.22) yields:

EV
K, = K,
1+y (K7 —1)

(5.24)

Note that if there was no entrainment of micelle-rich (virus-poor) domains, then y = 0, and
Eq. (5.24) correctly yields K, = KFV. From Figure 1-11, KV < 1. In addition, for the
highly unlikely situation where y = 0.1, Eq. (5.24) simplifies to:

K, ~11KFY (5.25)

Hence, even in this highly unlikely case where one-tenth of the total bottom phase volume
is comprised of micelle-rich (virus-poor) domains, K, and KFV are similar. In other words,
the entrainment of micelle-rich (virus-poor) domains in the macroscopic, bottom, micelle-
poor phase should negligibly affect the partitioning behavior of the virus. This effect, as
will now be shown, is also negligible for the partition coefficients of water-soluble proteins.
The derivation of Eq. (5.24) is also valid for a water-soluble protein, where “p” for protein
replaces “v” for virus in the subscripts. Accordingly, Eq. (5.24) for a water-soluble protein

is given by:
KFY

= 1+y (KEV 1)

(5.26)

Even in the highly unlikely situation of y = 0.1, and the worst case scenario of Kfv =0.1
(where the difference in protein concentrations between the two domains is the largest), K,
would only be 0.11, which is very close to the value of K2V = 0.1. Accordingly, contrary
to the scenario where micelle-poor (virus-rich) domains are entrained in the macroscopic,
top, micelle-rich phase, entrainment of micelle-rich (virus-poor) domains in the macroscopic,
bottom, micelle-poor phase has a negligible effect on both viral and protein partitioning.
Consequently, the entrainment of micelle-rich (virus-poor) domains in the bottom phase will

not be the focus of this study.
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5.3.3 The Settling Velocity of a Micelle-Poor Domain Entrained in the
Macroscopic, Top, Micelle-Rich Phase

It will now be shown theoretically that an increase in the viscosity of the macroscopic,
top, micelle-rich phase may cause an increase in the entrainment of micelle-poor domains in
the top phase. The entrained micelle-poor domains will be modeled as dispersed spherical
droplets within a continuous macroscopic, top, micelle-rich phase. These entrained domains
sediment due to the density difference between the macroscopic, micelle-rich phase and
the micelle-poor domains. The micelle-poor domains will be assumed to be sufficiently far
from each other so that the streamlines associated with one domain are independent of the
streamlines associated with the other domains, that is, the flow patterns around each domain
can be viewed as being independent. This is a reasonable assumption, because the number
of entrained micelle-poor domains, or the volume fraction of the top phase associated with
the micelle-poor domains, is expected to be low. Creeping flow (Re < 1, where Re is the
Reynolds number) will first be assumed to obtain an expression for the settling velocity. This
assumption, however, will be justified later by showing that the resulting settling velocity
does indeed yield a Reynolds number that is much less than 1. In the creeping flow regime,
the drag force, Fp, on a spherical droplet (micelle-poor microdomain) is given by:

ut + 3Nin

2
Fp = 6mn,uRu "o

5.27
3770ut + 377171 ( )

where R is the radius of the spherical, micelle-poor domain, 7., and 7;, are the viscosities
of the fluid outside (micelle-rich) and inside (micelle-poor) the sphere, respectively, and v is
the settling velocity of the sphere. A force balance on the spherical, micelle-poor domain is

also necessary, and is given by Newton’s second law of motion, that is, by:

dv
mma :-Fg—FB—FD (528)
where m,, is the mass of the spherical, micelle-poor domain, ¢ is time, Fg is the buoyant
force on the spherical domain, and Fg is the gravitational force on the spherical domain.

Equation (5.28) can also be rewritten as follows:

znout + 377in

5.29
3770ut + 3Thn ( )

dv
(4/3) WRSpin’d? = (4/3) 7TR39 (pm - pout) - 67r770utRU

where p;, and po.: are the mass densities of the fluid inside (micelle-poor) and outside

(micelle-rich), respectively, and g is the gravitational acceleration. Assuming that the spher-
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ical domains are initially at rest, the solution of Eq. (5.29) is given by:

v = (1 - p"“t) (g) 1 — exp(—ct)] (5.30)

Pin

where
gnout (2770ut + 377171)

$= zmeZ (37lout + 3771n)
Equation (5.30) is an expression for the settling velocity. Based on Egs. (5.30) and

(5.31)

(5.31), the settling velocity decreases as the viscosity of the macroscopic, top, micelle-rich
phase increases (7, increases). This decrease in the settling velocity can then allow more of
the micelle-poor domains to remain entrained in the macroscopic, top, micelle-rich phase for
a longer period of time. Consequently, when the top phase is withdrawn with a syringe, a
higher concentration of viral particles may be measured in the macroscopic, top phase, which
will in turn yield a higher viral partition coefficient. Although Eq. (5.30) is an expression
for the settling velocity as a function of time, a value is required for v to check the creeping
flow assumption (Re < 1), where the Reynolds number is given by:

Re = QM (5.32)

Nout

The worst case scenario should be applied in verifying the creeping flow assumption. Accord-
ing to Eq. (5.32), the worst case scenario corresponds to using the highest settling velocity,
which happens to be the terminal velocity, vser, (Eq. (5.30) when t— 00). Note that v, is

equivalent to solving for the velocity when the gravitational force equals the sum of the drag

Vter = g (1 - pout> (533)

Pin

and buoyant forces, that is,

According to Egs. (5.31) and (5.33), the terminal velocity is also the largest value when
the viscosity of the micelle-rich phase (7,,:) is equal to the lowest possible value, which is
the viscosity of pure water (1 cP). This value for 7y, also aids in providing the worst case
scenario by decreasing the denominator in Eq. (5.32), and therefore, increasing the Reynolds
number. Since the viscosity of the micelle-poor domains (7;,) cannot be higher than that of

the macroscopic, top, micelle-rich phase, the following approximation will be used.
Nout = TNin = 1cP (5.34)
With regard to R, the radius of a spherical, micelle-poor domain, it will be assumed to be 10
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pm, since particles of that size can scatter light. Only the mass densities, pou; and pin, remain
to be estimated. However, they both cannot be approximated as 1 g/mL because then vy,
would be 0 according to Eq. (5.33). Since these density values are unavailable, they were
estimated as shown in Appendix B. The mass densities were evaluated to be p;,, = 0.99995
g/mL and p,us = 0.99539 g/mL. With all these estimates for the parameters and g = 9.8
m/s?, the Reynolds number was found to be Re = 2.4 x 10°. Since the Reynolds number
was found to be orders of magnitude less than 1, the creeping flow assumption is indeed
valid.

The estimates of p;, and p,,; also indicate that entrainment is likely because of the small
difference between p;, and py:, or more specifically, between the gravitational and buoyant
forces. Since the viscosity of the macroscopic, top, micelle-rich phase is also expected to be
higher than that of pure water, the higher viscosity can also increase the entrainment by
increasing the drag force on the micelle-poor domains. In addition, the energetic penalty
associated with the interfacial area between the entrained micelle-poor domains and the
macroscopic, top, micelle-rich phase is also expected to be relatively small, since the inter-
facial tension between two micellar phases is estimated to be only about 0.01 erg/cm?.1%
This is a very low interfacial tension when compared to a heptane-water interfacial tension

of 51 erg/cm?.1%6

5.4 Results and Discussion

5.4.1 Photographing the Two-Phase Aqueous C,,E, Micellar System with

Different Volume Ratios

The photographs of the two-phase aqueous CioE4 micellar system with volume ratios
that are much less than 1 and much greater than 1 are presented in Figure 5-3. As shown
in Figure 5-3, the top phase becomes clear when the volume ratio is decreased from being
much greater than 1 to being much less than 1. Specifically, the letter “X” behind the top
phase becomes visible as the volume ratio is decreased. Since the entrained domains can
scatter visible light, the turbidity of each macroscopic phase can be used as an indicator to
qualitatively asses the extent of entrainment. Therefore, the photographs shown in Figure 5-
3 indicate that the entrainment of micelle-poor domains in the macroscopic, top, micelle-rich
phase decreases as the volume ratio is decreased from being much greater than 1 to being
much less than 1.

Although the duration of a typical partitioning experiment is greater than or equal to 14
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hours, the photographs shown in Figure 5-3 were taken 3 to 4 hours after phase separation
was initiated. Preliminary photographs, however, were first taken after letting the phases
settle overnight, but they were not able to capture the slight turbidity of the top phase (in
the case corresponding to V;/V; > 1) and of the bottom phase (in the case corresponding to
V;/Vs < 1). The phases were less turbid after letting the phases settle overnight because some
of the entrained domains reached their corresponding macroscopic phases. However, in order
to qualitatively identify a trend between entrainment and the volume ratio, pictures of the
phases were taken after a shorter time period of 3 to 4 hours. Even though a shorter duration
of 3 to 4 hours was utilized, the entrainment of micelle-poor domains in the macroscopic, top,
micelle-rich phase was still expected to be less for the V;/V}, < 1 case than for the V;/V, > 1
case after an overnight partitioning experiment. In addition, it should be noted that the
more precise, quantitative experimental test of the hypothesis proposed in Section 5.1 was
the partitioning study conducted with a model protein and a model virus in the two-phase
aqueous CoE4 micellar system with volume ratios that were much greater than 1 and much

less than 1 (see Section 5.4.2).

5.4.2 Partitioning Bacteriophage P22 and Cytochrome ¢ with Different Volume
Ratios

The results of the bacteriophage P22 and cytochrome ¢ partitioning experiments are
shown in Figures 5-4 and 5-5, respectively. The mass balances on both bacteriophage P22
and cytochrome ¢ closed to 100% within the experimental error for all the partitioning
experiments. As shown in Figure 5-4, the partition coefficient of bacteriophage P22 at
each temperature decreased by about an order of magnitude when the volume ratio was
decreased from 10 to 0.1. Since the entrainment of micelle-poor domains in the macroscopic,
top, micelle-rich phase was also expected to decrease as the volume ratio was decreased from
10 to 0.1, it was concluded that the entrainment of micelle-poor domains in the top phase
does significantly affect viral partitioning. It should also be noted that this was the first time
that partition coefficients as low as 1.0 x 10™* were observed for bacteriophage P22, since
in previous partitioning experiments, the partition coeflicients of bacteriophage P22 were
approximately 2 x 1073 for a volume ratio of 1 (see Figures 1-11 and 4-2). Therefore, the
decrease in the partition coefficient of bacteriophage P22 from 2 x 1073 to 1 x 10~* indicates
that some of the entrainment of micelle-poor domains in the top phase was also reduced when
the volume ratio was reduced from 1 to 0.1. This was expected since the entrainment of

micelle-poor domains in the top phase decreases as the volume ratio decreases, and therefore,
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(a) (b)

Figure 5-3: The two-phase aqueous C;oE4 micellar system three to four hours after initiating
phase separation for a volume ratio: (a) much less than 1, and (b) much greater than 1.
Since the entrained domains can give rise to light scattering, the turbidity of each macroscopic
phase can be used as an indicator to qualitatively assess the extent of entrainment. The white
piece of paper filled with the letter “X” was placed behind the tubes to aid in visualizing
the turbidity of each phase.
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reducing the volume ratio below 0.1 in the future may further reduce the entrainment. In
addition, the partition coefficient of 2 x 10~3 was slightly lower than those measured for a
volume ratio of 10, which further corroborates the idea that decreasing the volume ratio (in
this case, from 10 to 1) reduces the entrainment.

On the other hand, as shown in Figure 5-5, for cytochrome ¢, the entrainment of micelle-
poor domains in the macroscopic, top, micelle-rich phase has a negligible effect on its parti-
tioning behavior. Accordingly, the protein partition coefficients are independent of volume
ratio, which is what is expected based on equilibrium thermodynamics. Varying the volume
ratio at a given temperature does not change the intensive properties of the two phases in the
CoEs-buffer system, namely, the concentrations of CjgE4 in the two phases. Therefore, the
interactions of a partitioning solute with the micelles in the two phases should not change
with the volume ratio, and the partition coefficient should remain constant. However, in the
case of the C;oE4-buffer system, there is a kinetic effect associated with the entrainment of
micelle-poor domains in the macroscopic, top, micelle-rich phase. This kinetic effect negli-
gibly affects protein partitioning because the concentrations of protein in the micelle-poor
and micelle-rich domains are similar. Consequently, the protein partition coefficients are
independent of volume ratio as expected from equilibrium thermodynamics. With regard to
the virus, this kinetic effect has a significant effect on its partitioning behavior due to the
large difference in viral concentrations between the micelle-poor and micelle-rich domains.
As a result, viral partitioning varies with the volume ratio. Specifically, the measured viral
partition coefficient decreases as the volume ratio decreases.

In addition, as shown in Figure 5-5, the partition coefficient of cytochrome c decreases
as the temperature increases in accordance with equilibrium thermodynamics dictated by
excluded-volume interactions (see the theoretical predictions in Figures 1-6 and 1-11). In
contrast, the partition coeflicient of bacteriophage P22 slightly increases as the temperature
increases in Figure 5-4. This opposite trend may be rationalized if the entrainment of the
micelle-poor domains in the macroscopic, top, micelle-rich phase was found to increase as
the temperature increased. Since increasing the viscosity of the macroscopic, top, micelle-
rich phase may increase the entrainment of micelle-poor domains in the top phase (see the
theoretical discussion in Section 5.3.3), it is indeed possible that an increase in temperature,
which is expected to increase the viscosity of the top phase, could give rise to a slight increase
in the partition coefficient of bacteriophage P22. The viscosities of buffered C,oE4 solutions

were therefore measured, and the results are presented in Section 5.4.3.
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Figure 5-4: Experimentally measured partition coefficients of bacteriophage P22 as a func-
tion of temperature for different volume ratios. The black square and white circle symbols
represent the partition coefficients of bacteriophage P22 that were measured using a vol-
ume ratio of 0.1 and 10, respectively. The error bars correspond to 95% confidence limits
for the measurements. Note that the error bars appear asymmetric due to the use of a
semi-logarithmic plot.
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Figure 5-5: Experimentally measured partition coefficients of cytochrome c as a function of
temperature for different volume ratios. The black square and white circle symbols represent
the partition coefficients of cytochrome ¢ that were measured using a volume ratio of 0.1 and
10, respectively. The error bars correspond to 95% confidence limits for the measurements.

5.4.3 Measuring the Viscosities of Buffered C,(E; Solutions

The viscosity of the macroscopic, top, micelle-rich phase in the C;oE4-buffer system is
expected to increase with an increase in the temperature, since the concentration of C;oEy4
in the top phase increases with an increase in temperature (see Figure 4-1). For the temper-
atures of 19.6°C, 20.2°C, and 21.0°C used in the partitioning experiments of Section 5.4.2,
the concentrations of C;oE4 in the macroscopic, top, micelle-rich phase were 5.37 wt%, 7.46
wt%, and 10.2 wt%, respectively (see the coexistence curve for the CjoE, (lot no. 6011)-
buffer system in Figure 4-1). Therefore, in order to identify a trend in the viscosities of
the macroscopic, top, micelle-rich phases encountered in the partitioning experiments, the
viscosities of buffered C;oE4 solutions containing 5 wt% and 10 wt% CygE4 were measured,
and the results are summarized in Table 5-2.

As expected, the viscosity of the 10 wt% CoE4 solution was higher than that of the 5
wt% CioE4 solution. Although these micellar solutions with fairly high concentrations of
C10E4 may no longer be Newtonian, the results reported here clearly verify the trend that
increasing the concentration of CyoE4 in the macroscopic, top, micelle-rich phase increases its

viscosity. More importantly, these viscosity results can be used along with the coexistence
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Table 5-2: Experimentally measured viscosities of buffered C,oE4 solutions. The errors
correspond to 95% confidence limits for the measurements.

Concentration . .

of C1oE4 (Wt%) Viscosity (cP)
5 7.7+ 0.1
10 18.9 4+ 0.1

curve of the CyoE4-buffer system to rationalize the increase in the partition coefficient of
bacteriophage P22 with an increase in the temperature.

Although partitioning over longer periods of time should allow more of the entrained
micelle-poor domains to sediment into the bottom phase (especially for the partitioning
experiments conducted at higher temperatures), some micelle-poor domains will remain en-
trained. For example, as discussed in Section 5.1, previous partitioning experiments, which
were conducted with a volume ratio of 1, demonstrated that the partition coefficients of
bacteriophage P22 measured after 2 weeks of partitioning were similar to those measured
after overnight partitioning.”® This result is not surprising, because domains can remain
entrained for very long periods of time even in oil-water-surfactant systems where the two

phases are more dissimilar.

5.4.4 Comparison between the Experimentally Measured and Theoretically
Predicted Partition Coefficients

In this section, the measured partition coefficients of bacteriophage P22 and cytochrome ¢
from Section 5.4.2 are compared to the predicted values based on the excluded-volume theory.
Accordingly, a brief review of the excluded-volume theory will now be provided to discuss
the parameters in the theory. Recall that the partition coefficient of solute (s) predicted by

the excluded-volume theory is given by the following expression:7"7

2
K=o |- (0= (1477 | (5:)

where ¢, and ¢, are the surfactant volume fractions in the top and bottom phases, respec-
tively, R, is the hydrodynamic radius of the partitioning solute, and Ry is the cross-sectional
radius of each CypE, cylindrical micelle (modeled as a spherocylindrical entity). In order
to predict the partition coefficients of bacteriophage P22 and cytochrome c at each parti-

tioning temperature, the hydrodynamic radii of bacteriophage P22 and cytochrome c, the
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cross-sectional radius of each CigE4 cylindrical micelle, and the surfactant volume fractions
in the two coexisting phases are required. The hydrodynamic radii of bacteriophage P22
and cytochrome ¢ are 300 A85879 and 16 A,"®7" respectively, while the cross-sectional ra-
dius of each CyoE4 cylindrical micelle is 21 A.7™ As will now be described, the difference
in surfactant volume fractions in the two coexisting phases (¢, — ¢) at a given temperature
was obtained from the coexistence curve of the two-phase aqueous C;gE4 micellar system.
The coexistence or binodal curve of the C¢E4-buffer system'delineates the two-phase region
from the one-phase region in a temperature-C;oE, concentration phase diagram at constant
pressure. In this two-dimensional phase diagram, tie lines correspond to the intersections
of constant temperature horizontal lines with the coexistence curve. Consequently, once the
partitioning temperature is fixed, the wt% concentrations of CioE4 in the two phases are
fixed. Since the surfactant volume fractions can be approximated as being equal to the weight
fractions due to the densities of both phases being close to 1 g/mL, the surfactant volume
fractions in the two phases can be obtained from the tie lines. Specifically, (¢; — ¢3)x 100 is
the tie line length at a given temperature, where the multiplication by 100 is necessary to
convert between percents and fractions.

Although it was not discussed earlier, the coexistence curves in Figure 4-1 correspond
to those for binary systems even though the CioE;-buffer systems shown in this figure ac-
tually consist of four components, namely, water, C;oE4, disodium phosphate, and citric
acid. The justification for approximating the C;yE,-buffer system in Chapter 4 as a pseudo-
binary system is provided in Appendix C.1. Even though an additional component, namely,
protein, is added to these four components in the protein partitioning experiments, the co-
existence curves in Figure 4-1 were also found to apply to these five-component systems
(see Appendix C.1 for details). With regard to the bacteriophage P22 partitioning exper-
iments, MgSQO, and the virus are two components that are present in addition to water,
CyoE4, disodium phosphate, and citric acid. However, it is also shown in Appendix C.1
that the concentrations of MgSO,4 and bacteriophage P22 are low enough to not perturb the
phase separation process of the CioE4-buffer system. Accordingly, the coexistence curves in
Figure 4-1 apply to both the protein and viral partitioning experiments, and therefore, the
coexistence curve of the CjgE, (lot no. 6011)-buffer system was used to determine (¢, — ¢)
in the following predictions for cytochrome ¢ and bacteriophage P22.

As indicated in Figure 5-6, the experimentally measured partition coeflicients of cy-
tochrome c are similar to those predicted according to the excluded-volume theory. This

agreement was already demonstrated previously by our group.” ™7 In the case of bacterio-
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phage P22 (see Figure 5-7), the discrepancy between the experimentally measured partition
coefficients and the excluded-volume predictions decreases as the volume ratio decreases.
However, the measured partition coefficients for the volume ratio of 0.1 (black square sym-
bols) are still orders of magnitude higher than the theoretically predicted ones based on the
excluded-volume theory. One highly probable reason for this discrepancy is that there are
still entrained micelle-poor (virus-rich) domains in the macroscopic, top, micelle-rich phase.
To test this possibility, the volume fraction, z, of entrained micelle-poor (virus-rich) domains
still remaining in the macroscopic, top, micelle-rich phase was fitted using the experimen-
tally measured partition coefficient of bacteriophage P22 at 20.2°C for the V;/V,=0.1 case
(K, =9.1x107°) in Eq. (5.14) with K" given by Eq. (5.35). Although the volume fraction
of entrained micelle-poor (virus-rich) domains is most probably increasing with an increase
in temperature (see the discussion in Section 5.4.3), z will be assumed to be independent
of temperature. With z = 9.1 x 107, the fitted value for the volume fraction of entrained
micelle-poor (virus-rich) domains in the top phase, Eqgs. (5.14) and (5.35) were used to pre-
dict new partition coefficients of bacteriophage P22 for the V;/V,=0.1 case. These newly
predicted partition coeflicients of bacteriophage P22 are represented in Figure 5-7 by the
dashed line. As shown in Figure 5-7, the predictions improved by orders of magnitude in
comparison to the excluded-volume predictions. A similar improvement in the theoretical
predictions for the V;/V,=10 case was also observed when Egs. (5.14) and (5.35) were utilized
after the volume fraction of entrained micelle-poor (virus-rich) domains was fitted using the
partition coefficient of bacteriophage P22 at 20.2°C for the V;/V,=10 case (K, = 4.2 x1073).
Note that the fitted value for the volume fraction of entrained micelle-poor domains from the
V;/V»=0.1 case could not be applied to the V;/V,=10 case because the amount of entrain-
ment differed for the two volume ratios. As indicated by Eq. (5.14), the measured partition
coefficient of bacteriophage P22 is basically determined by the volume fraction of entrained
domains, since the predicted value for the partition coefficient based on the excluded-volume
theory is generally orders of magnitude smaller than 1. Therefore, accounting for entrain-
ment, albeit with one fitted parameter, can explain the almost constant partition coefficient
of bacteriophage P22 that accompanies an increase in the temperature. In addition, when the
two fitted values for the volume fraction of entrained micelle-poor domains (z = 9.1 x 107°
for V;/V,=0.1, and = = 4.1 x 1073 for V;/V4,=10) were applied to the protein partition coeffi-
cients using Eqgs. (5.16) and (5.35), no changes in the predicted protein partition coefficients
were observed (see dashed and dotted lines in Figure 5-6) as expected from the discussion

in Section 5.3.1. Essentially all the predictions lie on top of each other in Figure 5-6.
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Figure 5-6: Comparison between the theoretically predicted and experimentally measured
partition coefficients of cytochrome c. The solid line corresponds to the partition coefficients
predicted based on the excluded-volume theory (Eq. (5.35)). The dashed and dotted lines
correspond to the partition coefficients predicted after accounting for both the entrainment
(Eq. (5.16)) and the excluded-volume interactions (Eq. (5.35)) for the V;/V, = 0.1 and
V;/Vy = 10 cases, respectively. The dashed and dotted lines are difficult to see because
all three predictions lie on top of each other. The black square and white circle symbols
represent the partition coeflicients of cytochrome c that were measured using a volume ratio
of 0.1 and 10, respectively. The error bars correspond to 95% confidence limits for the
measurements.
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Figure 5-7: Comparison between the theoretically predicted and experimentally measured
partition coefficients of bacteriophage P22. The solid line corresponds to the partition coef-
ficients predicted based on the excluded-volume theory (Eq. (5.35)). The dashed and dotted
lines correspond to the partition coeflicients predicted after accounting for both the entrain-
ment (Eq. (5.14)) and the excluded-volume interactions (Eq. (5.35)) for the V;/V;, = 0.1
and V;/V, = 10 cases, respectively. The black square and white circle symbols represent
the partition coefficients of bacteriophage P22 that were measured using a volume ratio of
0.1 and 10, respectively. The error bars, which correspond to 95% confidence limits for the
measurements, appear asymmetric due to the use of a semi-logarithmic plot.
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Since the agreement between the experimentally measured and theoretically predicted
partition coefficients of bacteriophage P22 drastically improved after incorporating entrain-
ment into the theory, viral partition coefficients measured previously by our group™ (see
Figures 1-11, 1-10, and 1-12) were revisited. Specifically, the volume fraction of entrained
micelle-poor domains was again assumed to be a constant for all the temperatures and all
the partitioning experiments, independent of the bacteriophage, in Figures 1-11, 1-10, and
1-12. This constant was fitted using the partition coefficient of bacteriophage P22 at 22°C
(K, = 2.2 x 107%), and Egs. (5.14) and (5.35). A new fitted value for the volume fraction
of entrained micelle-poor domains was required, since the results in Figures 1-11, 1-10, and
1-12 were obtained with an experimental volume ratio of 1, which was expected to have
a different degree of entrainment than the V;/V, = 0.1 and V;/V, = 10 cases. In fact,
as expected, the fitted volume fractions of entrained micelle-poor domains increased from
9.1 x 107 t0 2.2 x 1073 to 4.1 x 10~ as the volume ratio increased from 0.1 to 1 to 10. The
comparisons between the newly predicted viral partition coeflicients and the measured ones
are provided in Figures 5-8, 5-9, and 5-10. As shown in these figures, there is an orders of
magnitude improvement in the predictions for bacteriophages P22 and T4, when entrainment
is accounted for in the theory. Considerable improvement is also observed for bacteriophage
#X174, especially at the higher temperatures where the excluded-volume predictions begin
to decrease beyond 2 x 1073. It should be noted that the newly predicted partition coeffi-
cients of bacteriophage ¢X174 still decrease as a function of temperature, and are not fixed
at a constant value equal to the fitted volume fraction of entrained micelle-poor domains.
Such partitioning behavior is predicted for bacteriophage ¢X174, even with the incorporation
of entrainment, because the predicted partition coefficients based on the excluded-volume
theory are all 1073 and higher, and therefore, the volume fraction of entrained micelle-poor
domains does not dictate solely the value of the predicted partition coefficient in Eq. (5.14).

Based on the experimental and theoretical results in this chapter, it can be concluded that
the observed viral partitioning in the two-phase aqueous CyoE4 micellar system is primarily
governed by only the excluded-volume interactions with the micelles and the entrainment of
micelle-poor (virus-rich) domains in the macroscopic, top, micelle-rich phase. Incorporation
of entrainment into the theory has yielded very good agreement between experiment and
theory for the viral partition coefficients. In addition, although the results are not shown,
this agreement is insensitive to the actual experimental viral partition coefficient that is used

to fit the volume fraction of entrained domains.
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Figure 5-8: Comparison between the theoretically predicted and experimentally measured
partition coefficients of bacteriophage P22 for a volume ratio of 1. The solid line corresponds
to the partition coefficients predicted based on the excluded-volume theory (Eq. (5.35)). The
dashed line corresponds to the partition coefficients predicted after accounting for both the
entrainment (Eq. (5.14)) and the excluded-volume interactions (Eq. (5.35)). The white
circle symbols represent the partition coefficients of bacteriophage P22 that were previously
measured’® using a volume ratio of 1. The error bars, which correspond to 95% confidence
limits for the measurements, appear asymmetric due to the use of a semi-logarithmic plot.
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Figure 5-9: Comparison between the theoretically predicted and experimentally mea-
sured partition coeflicients of bacteriophage ¢X174 for a volume ratio of 1. The solid
line corresponds to the partition coeflicients predicted based on the excluded-volume the-
ory (Eq. (5.35)). The dashed line corresponds to the partition coefficients predicted af-
ter accounting for both the entrainment (Eq. (5.14)) and the excluded-volume interactions
(Eq. (5.35)). The white circle symbols represent the partition coefficients of bacteriophage
$X174 that were previously measured’® using a volume ratio of 1. The error bars, which
correspond to 95% confidence limits for the measurements, appear asymmetric due to the
use of a semi-logarithmic plot.
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Figure 5-10: Comparison between the theoretically predicted and experimentally measured
partition coefficients of bacteriophage T4 for a volume ratio of 1. The solid line corresponds
to the partition coefficients predicted based on the excluded-volume theory (Eq. (5.35)).
The dashed line corresponds to the partition coefficients predicted after accounting for both
the entrainment (Eq. (5.14)) and the excluded-volume interactions (Eq. (5.35)). The white
circle symbols represent the partition coefficients of bacteriophage T4 that were previously
measured”® using a volume ratio of 1. The error bars, which correspond to 95% confidence
limits for the measurements, appear asymmetric due to the use of a semi-logarithmic plot.
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5.5 Conclusions

The experimental and theoretical study described in this chapter has shown that the en-
trainment of micelle-poor (virus-rich) domains in the macroscopic, top, micelle-rich phase is
indeed the key factor influencing the partitioning behavior of viruses. Photographs that were
taken of the two-phase aqueous CyoE4 micellar system demonstrated that the entrainment of
micelle-poor (virus-rich) domains in the macroscopic, top; micelle-rich phase decreases with
a decrease in the volume ratio. Bacteriophage P22 and cytochrome ¢ were then partitioned
at three different operating temperatures with volume ratios of 10 and 0.1. For bacterio-
phage P22, the measured viral partition coeflicient at each temperature decreased by about
an order of magnitude when the volume ratio was decreased from 10 to 0.1, which clearly
demonstrated that entrainment is indeed the key factor influencing viral partitioning. For
cytochrome ¢, the measured protein partition coefficient did not change, which indicated
that this entrainment effect negligibly influences protein partitioning. This was a desired
outcome, since this observed behavior was in accordance with the biggest “clue” concept in
our search for identifying other possible mechanisms that govern viral partitioning. Specifi-
cally, these possible mechanisms must significantly influence viral partitioning, while having
little or no impact on protein partitioning. The entrainment of micelle-poor domains in the
macroscopic, top, micelle-rich phase was expected to strongly influence viral partitioning
because the concentration of virus in the micelle-poor domains is much larger than that
in the micelle-rich domains. In contrast, the concentrations of protein in the micelle-poor
and micelle-rich domains are similar, and therefore, the effect of the entrainment on protein
partitioning was expected a priori to be negligible. It should also be noted that the parti-
tion coefficients of bacteriophage P22 that were previously measured for a volume ratio of
1 had values that were between those measured for the volume ratios of 10 and 0.1, which
is consistent with the notion that the entrainment decreased as the volume ratio decreased
from 10 to 1 to 0.1. The volume ratio may be reduced below 0.1 in the future to further
reduce entrainment. Other equipment should also be investigated in which the entrainment
can be reduced.

In this study, a new theoretical description of partitioning was also developed that com-
bines the excluded-volume theory with the entrainment of micelle-poor (virus-rich) domains
in the macroscopic, top, micelle-rich phase. To account for the entrainment, one fitted pa-
rameter, namely, the volume fraction of entrained micelle-poor domains in the macroscopic,
top, micelle-rich phase, was incorporated into the theory. This volume fraction was assumed

to be a constant for all the partitioning temperatures and partitioning solutes at a fixed
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yolume ratio. Consequently, for a given volume ratio, only a single partitioning experiment
is required to fit this volume fraction of entrained micelle-poor domains. With this fitted
parameter and the excluded-volume theory, very good agreement between the measured and
predicted viral partition coefficients was achieved. An orders of magnitude improvement
was attained for the predicted partition coefficients of bacteriophages P22 and T4. Even for
pacteriophage X174, a considerable improvement in its predicted viral partition coefficients
was achieved with the incorporation of entrainment. Therefore, it can be concluded that the
primary mechanisms governing viral partitioning in the two-phase aqueous CioE,4 micellar
system are only the entrainment of micelle-poor (virus-rich) domains in the macroscopic,
top, micelle-rich phase and the excluded-volume interactions between the viruses and the

micelles.
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Chapter 6

Manipulating the Volume Ratio in the
CioEs-Buffer Two-Phase System to Achieve

Good Separation of Protein from Virus

6.1 Introduction

While the mechanisms governing viral partitioning were being investigated in the context
of Direction A, Direction B of this thesis was being simultaneously pursued. As discussed
in Chapter 1, Direction B centered around the less optimistic point-of-view that the viral
partition coefficients would not decrease below the experimentally observed values of 1073
to 1072 in the two-phase aqueous CioE4 micellar system, which will also be referred to as
the CioE4-buffer system. In addition, as described in Chapter 1, the partition coefficients of

water-soluble proteins in this system were all measured to be about 0.5. Accordingly, the

selectivity of this system for protein versus virus,!?
K
Spy = == 6.1
pv Kv ( )

is between 50 and 500, which quantitatively indicates that a good separation of protein from
virus may be already achieved without further reducing the viral partition coefficient.

Since the virus is generally excluded more strongly than the protein into the bottom,
micelle-poor phase, a liquid-liquid extraction was performed where the protein was recovered
in the top, micelle-rich phase, while the virus was recovered in the bottom, micelle-poor
phase. However, prior to conducting the extraction, an analysis of liquid-liquid extraction
theory was performed to determine a desirable volume ratio, which is an important operating
Parameter in extraction processes. Lysozyme was used as the model protein, since it is: (i)

water-soluble, (ii) available in high purity, and (iii) easy to assay with ultraviolet absorbance
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measurements. Bacteriophage P22 was used as the model virus, since: (i) it is readily
available in high purity from Professor Jonathan King’s laboratory, (ii) it is safer to employ
than mammalian viruses, (iii) its concentration can be measured with good accuracy using
the plaque assay, and (iv) it is used in the experiments associated with Direction A.

The remainder of this chapter is organized as follows. In Section 6.2, the materials and
experimental methods are detailed. Section 6.3 provides an analysis of the equations that
are important in determining the performance of the extraction process. In Section 6.4‘, the
liquid-liquid extraction results are presented and discussed. Finally, concluding remarks are

presented in Section 6.5.

6.2 Materials and Methods

6.2.1 Materials

Homogeneous n-decyl tetra(ethylene oxide) (Ci9E4) (lot no. 6011) was obtained from
Nikko Chemicals (Tokyo, Japan). Lysozyme (lot no. 57H7045) was purchased from Sigma
(St. Louis, MO). Bacteriophage P22 (5-am/13 am) and the bacteriophage P22 host bac-
terium, Salmonella typhimurium strain 7155, were provided by Professor Jonathan King’s
laboratory. Citric acid (lot no. 0616 KCXK) and magnesium sulfate (MgSO,) (lot no.
6070 A31581) were purchased from Mallinckrodt (Paris, KY). Disodium phosphate (lot no.
896726) was obtained from Fisher Scientific (Fair Lawn, NJ). All these materials were used
as received. All solutions were prepared using pH 7.2 Mcllvaine’s buffer consisting of 16.4
mM disodium phosphate and 1.82 mM citric acid in Milli-Q water. Milli-Q water is the
product of passing deionized water through Millipore’s (Bedford, MA) Milli-Q system. All
glassware used in the experiments were subjected to washing in a 50:50 ethanol:1 M sodium
hydroxide bath, washing in a 1 M nitric acid bath, rinsing copiously with Milli-Q water, and

drying in an oven for at least one day.

6.2.2 Separating Lysozyme from Bacteriophage P22 in the C,(E,;-Buffer System

In this experimental study, five 7.0 mL buffered solutions were prepared in graduated
10 mL test tubes. Four of the solutions contained 9.3 x 107 particles/mL of bacteriophage
P22, 0.10 g/L of lysozyme, 2 mM MgSO, (which was required to ensure the stability of the
bacteriophage P22), and 4.13 wt% CyoE4. The fifth solution served as the control containing
the same concentrations of CigE4 and MgSO4 but no protein or virus. The solutions were

then gently mixed, and equilibrated at 4°C in the refrigerator in order for each solution to
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exhibit a single, clear, homogeneous phase. The solutions were subsequently placed in the
thermo-regulated device, which was described in Section 3.2.4, to initiate phase separation
at 19.4°C. This temperature was chosen because the difference in surfactant volume fractions
petween the two phases (¢, — @) is 0.040, and at this value of (¢, — ¢), bacteriophage P22
had been previously found to partition strongly into the bottom, micelle-poor phase. The
initial C10E4 concentration of 4.13 wt% was selected because it yields a volume ratio (volume
of the top phase divided by that of the bottom phase) of 4.0 at the operating temperature
of 19.4°C. The choice of this volume ratio is explained in Section 6.3.4. The solutions were
maintained at this condition for 17 hours prior to withdrawing the phases with great care
using 1 mL syringe and needle sets. All the partitioning experiments in this thesis were
conducted for at least 14 hours, since it was shown previously’™ that partition coefficients
measured after overnight partitioning were similar to those measured after partitioning over
at least three days. The concentration of bacteriophage P22 in each phase was measured
with the plaque assay described in Section 2.2.4. The concentration of lysozyme in each
phase was determined by utilizing a procedure similar to the one discussed for cytochrome ¢
in Section 5.2.4. The only differences were: (i) lysozyme did not need to be reduced with
sodium L-ascorbate prior to measuring its absorbance, and (ii) the wavelength for absorption

was 280 nm.

6.3 Theory

6.3.1 Protein and Viral Partition Coeflicients

In order to quantify the distribution of the protein and the virus between the two coex-
isting micellar phases, their partition coefficients must be evaluated. The protein and viral

partition coeflicients, K, and K, are defined as follows:™

Cpyt
K = __p’ ].3
p Cp,b ( )
and c
K, = 2% 1.5
Cos (1.5)

where C,; and C,; are the concentrations of protein in the top and bottom phases, re-
Spectively, and C,; and C,, are the concentrations of virus in the top and bottom phases,
respectively. Once the experimentally measured protein and viral partition coefficients are

available, the yield (or recovery) of the protein, as well as the yield (or recovery) of the virus,
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in a particular phase can be subsequently calculated as shown in Section 6.3.2 below.

6.3.2 Protein and Viral Yields

The protein will be recovered in the top, micelle-rich phase, while the virus will be
recovered in the bottom, micelle-poor phase. To determine the performance of the extraction
process, the yield of the protein in the top phase and the yield of the virus in the bottom
phase will be evaluated. The yield of the protein in the top phase, Y, ¢\, E,, 1s the percentage
of the total amount of protein fed into the extraction step that is recovered in the top phase.
(“C1oE4” has been included in the subscript to distinguish quantities evaluated in the CioE,
micellar systems from those evaluated in Chapter 9 in the Cs-lecithin micellar systems.)

Yp.1.C10Es 18 therefore given by:™

Y. — Cp,t‘/t
p,t,C10E4 Cp’t‘/;, + Cp,b‘/;;

x 100% (6.2)

where V; and V}, are the volumes of the top and bottom phases, respectively. Similarly, the

yield of the virus in the bottom phase, Y, 4 c,,E,, can be written as follows:”

Y, — Cv,b‘/b
ebCE T O V4 CopVi

x 100% (6.3)

Combining Egs. (1.3) and (6.2), and combining Egs. (1.5) and (6.3), results in the following

expressions:

a0
Yyt Croms = 0/ % 100% (6.4)
p:t,CroE4 1+ Kp (%)
and
1
YopcroBs = =~ X 100% (6.5)
1+ K, (V)

These last two expressions for Y, : com, and Yyp c05, are more useful than Egs. (6.2) and
(6.3) because they are related to an operating parameter—the volume ratio (V;/V;)—and
to measurable quantities—the partition coeflicients, K, and K,. This capability to predict
yields once the partition coefficients are known is a requirement if two-phase aqueous micellar

systems are to be competitive with membranes, for which yields can be predicted as well.!*
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6.3.3 Viral Concentration Factor

Another quantity of interest related to the extraction process is the viral concentration
factor, which quantifies the extent to which the virus has been concentrated in a particular
phase. Since the virus will be recovered in the bottom phase, the concentration factor of the
virus in the bottom phase, CF, c,,E,, is given by:™

Cup
CFv,b,CloE4 = Cv, (66)

v,0
where C, is the initial concentration of the virus prior to the extraction. This expression
for the concentration factor can also be written in terms of the volume ratio and the viral

partition coefficient. However, the mass balance on the virus must first be written as follows:
Cv,O (V;t + V;)) = Cv,t‘/t + C'u,b‘/b (41)

Then, combining Egs. (1.5), (6.6), and (4.1) yields:

Vi
1+ %

1+ K, (%)

CFv,b,CmE4 - (67)

6.3.4 Analysis of the Protein and Viral Yields and the Viral Concentration

Factor

Equations (6.4) and (6.5) for the protein and viral yields, respectively, and Eq. (6.7) for
the viral concentration factor can now be analyzed to determine a desirable volume ratio,
which is a key operating parameter in liquid-liquid extraction. As discussed in Section 6.1,
the protein and viral partition coefficients have been experimentally measured to be about 0.5
and 1073 to 1072, respectively. Using a value of K,=0.5 in Eq. (6.4), and a value of K,,=107*
to 1072 in Eqgs. (6.5) and (6.7), it follows that an increase in the volume ratio, V;/V, results
in an increase in Yy 1 c0E,, @ decrease in Y, p ¢ gy, and an increase in CFyp ¢, 5, Regarding
the yield of the protein in the top phase, Y, ¢y,,, as Vi/V} increases, the denominator begins
to approach the numerator, and therefore, Y, ; ¢,,g, increases towards 100%. Regarding the
yield of the virus in the bottom phase, Y, 4 ¢,08,, as V;/V, increases, the denominator becomes
larger, and Y, 5 c,,r, decreases from 100%. However, since the viral partition coefficient is
approximately 10™3 to 1072, and therefore much less than 1, the yield of the virus in the
bottom phase is only a weak function of the volume ratio for the experimentally accessible

values of V;/V;. This small value of the viral partition coefficient also allows the concentration
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factor of the virus in the bottom phase to be approximated as follows (see Eq. (6.7)):
CFv,b,CloE4 =14+ = (68)

Therefore, it is clear that increasing the volume ratio increases C'F,p ¢, r,- In addition,
Eq. (6.8) indicates that the concentration factor of virus in the bottom phase is only limited
by thé magnitude of the volume ratio that can be attained experimentally.

The above analysis is also physically intuitive. Indeed, increasing the volume ratio implies
that the volume of the top phase is becoming proportionately larger than that of the bottom
phase. Accordingly, more of the protein molecules will be recovered in the top phase, and the
yield of the protein in the top phase should therefore increase as V;/V} increases. However,
more of the viral particles will be recovered in the top phase as well, and therefore, the
yield of the virus in the bottom phase should decrease as V;/V, increases. Although the
yield of the virus in the bottom phase decreases, it is only weakly dependent on the volume
ratio, since the virus really “wants to be” in the bottom phase as reflected in its partition
coefficient being much less than 1. An increase in the volume ratio can also be interpreted
in terms of the volume of the bottom phase becoming proportionately smaller than that of
the top phase. Therefore, there is less dilution of the virus in the bottom phase, and the
concentration factor of the virus in the bottom phase should increase as V;/V, increases.

Based on this analysis, a volume ratio that is larger than one is desirable to attain good
recovery of the protein in the top phase, while still maintaining a good recovery of the virus in
the bottom phase. Such a volume ratio would also give rise to a higher concentration factor
of the virus in the bottom phase. In this experimental study, a volume ratio of approximately
four was utilized. Note that this volume ratio was not expected to reduce the entrainment
effect discussed in Chapter 5. Accordingly, in this analysis, a viral partition coefficient of

1073 to 102 was assumed.

6.4 Results and Discussion

The results of the separation experiment are summarized in Figure 6-1. The measured
partition coefficient of lysozyme (K,=0.78) was similar to the partition coefficients of other
water-soluble proteins investigated in the CjoEs-buffer system. The measured partition
coefficient of bacteriophage P22 (K,=6.1x10"3) was similar to those observed in Chapter 5
because of the entrainment effects associated with using a volume ratio that is larger than

1. The mass balances on both lysozyme and bacteriophage P22 closed to 100% within the
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T=4C
pH 7.2 Buffer

T=19.4C

Vi/Vp,=4.0
Kp,=0.78 £ 0.02
K,=0.0061 + 0.0013 Yub,c,E = 97%

CFV‘,b.C, OE 4= 4.8

Figure 6-1: The results of separating lysozyme from bacteriophage P22 in the C,oE4-buffer
system. The buffered solutions were first equilibrated at 4°C in order for each solution to
exhibit a single phase. The solutions were then placed in the thermo-regulated device to
initiate phase separation at 19.4°C. The solutions were maintained at this condition for 17
hours. With a volume ratio of 4.0, a good separation of protein from virus was achieved.
The errors correspond to 95% confidence limits for the measurements.

experimental error. As expected from the analysis presented in Section 6.3, a good separation
of protein from virus was achieved by using a volume ratio that was larger than 1. With a
volume ratio of 4.0, the protein yield in the top phase was Y, c,,r,=75%, the viral yield in
the bottom phase was Y, ¢,,6,=97%, and the concentration factor of virus in the bottom
phase was CF, 4 c,,5,=4.8. A higher protein yield in the top phase is desirable, however,
since a significant amount of the protein is still being lost to the bottom phase. Although a
higher volume ratio may be used to increase the yield of the protein in the top phase (and
also to increase the concentration factor of the virus in the bottom phase), there will be a
maximum value of the volume ratio beyond which the contamination of the top phase with
virus will be unacceptable. An increase in the contamination of the top phase with virus
corresponds to a decrease in the yield of the virus in the bottom phase. Therefore, another
method for achieving a higher yield of protein in the top phase, while still maintaining a

good yield of virus in the bottom phase, is desirable. One such method involves introducing
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another mode of interaction between the protein and the micelles, in addition to that of the

excluded-volume type, to attract or “fish” more of the protein into the top phase.

6.5 Conclusions

Using lysozyme and bacteriophage P22 as the model protein and virus, respectively, the
volume ratio was manipulated in the C;qE4-buffer system to achieve a good separation of
protein from virus. Although the volume ratio can be increased further to increase the yield
of the protein in the top phase beyond 75%, this will also increase the contamination of the
top phase with the virus. Accordingly, it is desirable instead to introduce another mode of
interaction, in addition to that of the excluded-volume type, to attract or “fish” the protein
into the top phase for the purpose of increasing its yield. The next chapter, Chapter 7, de-
scribes our fundamental investigation of a two-phase aqueous mixed (nonionic/ionic) micellar
system in order to introduce electrostatic interactions, in addition to the excluded-volume
interactions which operate in the original C;oE4-buffer system, between the proteins and the

micelles.
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Chapter 7

A Fundamental Investigation of Protein
Partitioning in the C,(E,~-SDS-Buffer
Two-Phase System

7.1 Introduction

Although a good separation of protein from virus was achieved by increasing the volume
ratio (see Chapter 6), a significant amount of protein was still lost to the bottom, micelle-poor
phase in the CjoE4-buffer system. Since only steric, excluded-volume interactions between
the proteins and the micelles have been exploited until now, introducing another mode of
interaction to attract or “fish” the proteins into the top, micelle-rich phase may aid in
increasing the yield of proteins in the top phase. Although biospecific affinity interactions
could be introduced, electrostatic interactions were instead chosen because they can be
exploited with a wide variety of proteins. This concept of combining excluded-volume and
electrostatic interactions in two-phase aqueous micellar systems is analogous, in the language
of liquid chromatography, to combining size-exclusion chromatography and ion-exchange
chromatography.

A two-phase aqueous mixed micellar system composed of the nonionic surfactant CioEq4
and the anionic surfactant sodium dodecyl sulfate SDS was investigated because of its poten-
tial for modulating both excluded-volume and electrostatic interactions between the proteins
and the micelles. Similar to the CioE4-buffer system, this system also exhibits a single, ho-
mogeneous micellar solution at low temperatures. Increasing the temperature also induces a
macroscopic phase separation to form a top, micelle-rich phase and a bottom, micelle-poor
phase. The micelles in the micelle-rich phase are larger and more abundant than those in
the micelle-poor phase. Every micelle in the two-phase system is a mixed micelle, that is,

a micelle composed of both surfactants. As in the case of the CioE4-buffer system, both
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phases contain cylindrical micelles, which can be modeled as micelles having a cylindrical
body capped by two hemispherical micelles at the ends.!® The water content in both phases
is also very high. There is at least 80 wt% and 99 wt% water in the top and bottom phases,
respectively. A schematic representation of the two-phase aqueous mixed (CjoE;/SDS) mi-
cellar system, which will also be referred to as the C;qE;-SDS-buffer system, is shown in

Figure 7-1.
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Figure 7-1: Schematic representation of the two-phase aqueous mixed (CjoE,;/SDS) mi-
cellar system. This system will also be referred to as the C,qE4-SDS-buffer system. The
black and white circles represent the hydrophilic heads of the C;pE4 and the SDS molecules,
respectively. As in the case of the CjgE4-buffer system, this system exhibits a single phase
at low temperatures, and phase separates at high temperatures. Another similarity with the
CioEs-buffer system is that the top phase is micelle-rich, while the bottom phase is micelle-
poor. However, unlike the C;oE4-buffer system, every micelle in the C,qE4-SDS-buffer system
is a mixed micelle composed of both CoE4 and SDS.

The negatively-charged mixed micelles are expected to influence the partitioning behavior
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of any protein having a net charge. If a net positively-charged protein is placed in the CoE4-
SDS-buffer system, it is expected to be attracted electrostatically into the top, micelle-rich
phase where there are a greater number of negatively-charged mixed micelles. On the other
hand, if a net negatively-charged protein is placed in this system, it is expected to be repelled
electrostatically into the bottom, micelle-poor phase where there are fewer negatively-charged
mixed micelles. In addition to being applicable to a wide range of proteins, these charged
mixed micelles are relatively easy to generate; Due to the self-assembling nature of micelles,
these mixed micelles can be formed in situ by just mixing the two surfactants in an aqueous
medium. No synthesis is therefore required, and this is a key advantage when comparing these
systems to two-phase aqueous polymer systems composed of at least one polyelectrolyte.
Another attractive feature of the two-phase aqueous mixed (nonionic/ionic) micellar system
is that solution conditions, such as pH and ionic strength, can be varied to: (i) reverse the
electrostatic interactions and separate the desired proteins from the mixed micelles, and (ii)
manipulate the shapes and sizes of the self-assembling micelles, which can have an effect on
the excluded-volume and electrostatic interactions between the proteins and the micelles.

Both experimental and theoretical studies were conducted in this fundamental investiga-
tion. The purpose of the experimental study was to demonstrate proof-of-principle that two-
phase aqueous mixed (nonionic/ionic) micellar systems can indeed be used to modulate both
electrostatic and excluded-volume interactions between the proteins and the charged mixed
micelles. The effects of any electrostatic interactions were probed by partitioning two net
positively-charged proteins and two net negatively-charged proteins in the C;qE4-buffer and
the CigE4-SDS-buffer systems at conditions where the excluded-volume interactions between
the proteins and the micelles were maintained constant. By maintaining the excluded-volume
interactions constant, any difference in the partitioning behavior of the proteins between the
two systems could be attributed to the electrostatic interactions between the proteins and
the mixed (C;oE4/SDS) micelles. At the pH of the buffer used in this study (pH=7.2),
lysozyme and cytochrome ¢ were net positively-charged, while ovalbumin and catalase were
net negatively-charged. Some useful relevant characteristics of these four proteins are shown
in Table 7-1.

The theoretical study was conducted to gain a deeper understanding of protein partition-
ing in two-phase aqueous mixed (nonionic/ionic) micellar systems. In particular, a theory
was developed that incorporates the dominant interactions, namely, the excluded-volume
and the electrostatic interactions, between the proteins and the mixed micelles. Since cer-

tain properties of the mixed micelles (such as the molar ratio of the ionic surfactant to the
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Table 7-1: Proteins partitioned in the CjgE4-buffer and Ci9E4-SDS-buffer systems. The

hydrodynamic radii, R,, and isoelectric points, pl, were obtained from various sources.”®""-109
Protein R, (A) | pI | Net Charge at pH 7.2
Lysozyme 19 11.0 Positive
Cytochrome ¢ 16 10.6 Positive
Ovalbumin 29 4.6 Negative
Catalase 52 5.6 Negative

nonionic surfactant in the mixed micelles) were required in the modeling, SDS was chosen
as the ionic surfactant because of the capability of our group to predict many properties
of mixed micelles composed of C1gE4 and SDS. To test the ability of the theory to capture
the underlying physics involved in protein partitioning, the theoretically predicted protein
partition coefficients were compared to the experimentally measured ones.

It is also desirable to develop a predictive theory because it can decrease some of the time
and effort associated with performing experiments. A predictive theory allows the scientist
or engineer to identify the majority of the factors that can influence protein partitioning.
The theory can also indicate if an increase in a particular factor will result in an increase
or a decrease in the protein partition coefficient. Accordingly, this deeper understanding of
protein partitioning, that is provided by the predictive theory, can aid the scientist or engineer
in determining the pH and ionic strength of the solution, the type and concentration of
surfactants to use, and other operating conditions, that will result in the optimal separation
efficiency.

The remainder of this chapter is organized as follows: Section 7.2 provides details of
the materials and experimental methods used in this study. In Section 7.3, the theory for
predicting protein partition coefficients in two-phase aqueous mixed (nonionic/ionic) micellar
systems is developed. In Section 7.4, the experimental and theoretical results are presented

and discussed. Finally, concluding remarks are presented in Section 7.5.

7.2 Materials and Methods

7.2.1 Materials

The nonionic surfactant n-decyl tetra(ethylene oxide) (C1E4) (lot no. 6011) was obtained
from Nikko Chemicals (Tokyo, Japan). Sodium dodecyl sulfate (SDS) (lot no. 64H02972),
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cytochrome ¢ (lot no. 77H7052), lysozyme (lot no. 57H7045), catalase (lot no. 106H7055),
ovalbumin (lot no. 40H8060), and sodium L-ascorbate (lot no. 46H02965) were purchased
from Sigma (St. Louis, MO). Disodium phosphate (lot no. 896726) and citric acid (lot no.
0616 KCXK) were obtained from Fisher Scientific (Fair Lawn, NJ) and Mallinckrodt (Paris,
KY), respectively. All these materials were used as received. Although SDS was also recrys-
tallized 3 times in ethanol prior to use for the removal of impurities which may be present,
the experimental results were found to be insensitive to the use of the recrystallized or the
untreated SDS. All solutions were prepared using pH 7.2 Mcllvaine’s buffer consisting of
16.4 mM disodium phosphate and 1.82 mM citric acid in Milli-Q water. Milli-Q water is the
product of passing deionized water through Millipore’s (Bedford, MA) Milli-Q system. All
glassware used in the experiments were subjected to washing in a 50:50 ethanol:1 M sodium
hydroxide bath, washing in a 1 M nitric acid bath, rinsing copiously with Milli-Q water, and

drying in an oven for at least one day.

7.2.2 Mapping the Three-Dimensional Phase Diagram of the C,(E4-SDS-Buffer
System between 19.8°C and 23.1°C

The addition of SDS to the CiqE4-buffer system increases the number of degrees of
freedom, or number of independent intensive variables, by one. Accordingly, the CioE4-SDS-
buffer phase diagram is three-dimensional instead of two-dimensional. Since some knowledge
of the two-phase region is required in order to perform protein partitioning experiments, the
three-dimensional phase diagram was mapped out between 19.8°C and 23.1°C to get an idea
of its structure. This temperature range was chosen because proteins are fairly stable at
around room temperature.

For this purpose, a 0.5 mL buffered aqueous solution containing low concentrations of
SDS and C;yE4 was first equilibrated at 19.8°C in the thermo-regulated device, where it
was turbid. A 1.0 wt% buffered solution of SDS was then added one drop at a time with
a 1 mL syringe and needle set until the solution cleared. The concentrations of SDS and
Cy0E4 were then calculated based on the initial concentrations of the two surfactants and the
amount of SDS solution added. The resulting concentrations of SDS and C,oE4 correspond
to the coordinates of one point on the coexistence curve at 19.8°C, since it represents one
point where the solution can change from being turbid to being clear. Known masses of
pH 7.2 buffer and pure CioE4 were then added until the solution again became turbid. The
above-mentioned procedure was then repeated, beginning with the addition of the 1.0 wt%

buffered solution of SDS. This process was continued until many points on the coexistence
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curve at 19.8°C were determined. In a similar manner, the coexistence curves at 20.0, 20.2,

21.2, 22.1, and 23.1°C were subsequently mapped out.

7.2.3 Mapping the Coexistence Curve of the C,(E;-SDS-Buffer System at a
Temperature of 25.2°C

To attain a measurable effect of the electrostatic interactions in the protein partitioning
experiments, it is desirable to form a two-phase system with the top, micelle-rich phase
containing a relatively high concentration of SDS. The concentration of SDS in the bottom,
micelle-poor phase, on the other hand, will generally always be very low, since the surfactant
concentration in the micelle-poor phase has been close to zero in past partitioning experi-
ments. After mapping out the three-dimensional phase diagram between 19.8°C and 23.1°C
(see Figure 7-2), it was concluded that higher concentrations of SDS could be attained by
increasing the temperature. However, an operating temperature of only 25.2°C was selected
because: (i) proteins are generally still thermally stable at 25.2°C, and (ii) the purpose of this
experimental study was only to demonstrate proof-of-principle that these two-phase aqueous
mixed (nonionic/ionic) micellar systems have the ability to modulate both electrostatic and
excluded-volume interactions. The coexistence curve was mapped out at 25.2°C using the
procedure described in Section 7.2.2.

The location of an operating tie line on this CyoE4-SDS-buffer phase diagram was also
required, since protein partitioning experiments were to be conducted at this temperature.
An operating tie line was located by finding several (SDS wt%, C1oE4 wt%) points along a
line for which the experimentally measured volume ratios were approximately equal to the
predicted volume ratios based on the lever rule (see Eq. (7.3) in Section 7.3.1). The volume
ratios were measured experimentally by preparing 3.0 mL solutions containing CioE4 and
SDS in graduated 10 mL test tubes, phase separating them in the thermo-regulated device
at 25.2°C, and reading the volumes of the top and bottom phases.

7.2.4 Partitioning Proteins in the C,yE;-Buffer and the C,,E,;-SDS-Buffer

Systems

For every protein partitioning experiment conducted in the CjoE4-buffer system, four
buffered solutions, each with a total volume of 3.4 mL, were prepared in graduated 10 mL test
tubes. Three of the solutions contained 2.67 wt% CoE4 and 0.2 g/L of a particular protein.
The fourth solution served as the control containing the same concentration of CoE4 but no

protein. The proteins that were investigated included lysozyme, cytochrome ¢, ovalbumin,

146



and catalase. In addition to their desirable net charges (see Section 7.1), these proteins were
selected because they are: (i) water-soluble, (ii) available in high purity, and (iii) easy to assay
with ultraviolet or visible absorbance measurements. The solutions were first gently mixed
to ensure uniform mixing, and then equilibrated at 4°C in order for each solution to exhibit a
single phase. The solutions were subsequently placed in the thermo-regulated device, which
had already been set at the desired temperature of 19.3°C, to initiate phase separation. At
19.3°C, approximately equal phase volumes were obtained for the initial C;qE, concentration
of 2.67 wt%. Since it was shown in Chapter 5 that most protein partition coefficients can
be measured at any volume ratio due to negligible entrainment effects, a volume ratio of
about 1 was chosen to be consistent with the protein partitioning experiments that were
conducted previously.”® Solutions were maintained at this condition for at least 14 hours
before the two coexisting micellar phases were withdrawn with great care using syringe and
needle sets. All the partitioning experiments reported in this thesis were conducted for
at least 14 hours, since it was shown previously”™ that partition coefficients measured after
overnight partitioning did not differ from those measured after partitioning over at least three
days. The protein concentrations were determined as described in Section 5.2.4. Although
absorbance measurements were conducted at 549.5 nm for cytochrome c (after it had been
reduced by the addition of sodium L-ascorbate), different wavelengths were used for catalase,
lysozyme, and ovalbumin. Specifically, absorbances were measured at 405 nm for catalase
and 280 nm for lysozyme and ovalbumin. It should be noted that, unlike cytochrome ¢, the
other proteins did not need to be reduced with sodium L-ascorbate prior to measuring their
absorbances.

With regard to the protein partitioning experiments conducted in the C,oE4-SDS-buffer
system, the procedure was similar to the one described for the C,oE4-buffer system. However,
these solutions contained 2.02 wt% C,oE4 and 0.0970 wt% SDS, and the partitioning tem-
perature was 25.2°C. At this temperature, approximately equal phase volumes were obtained

for the above-mentioned, initial C;pE4 and SDS concentrations.

7.3 Theory

7.3.1 Review of Expressions for the Volume Ratio in Two-Phase Aqueous

Micellar Systems

The volume ratio, V;/V,, is defined as the volume of the top phase divided by that of

the bottom phase, and can be measured experimentally by reading the volumes of the top
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and bottom phases in graduated 10 mL test tubes. The volume ratio can also be calculated

using the lever rule.”>!!% For the CioE4-buffer system, the lever rule states that:

E _ VCioE4,0 — VCioE4 b (7 1)
Vb VCioEst = VC10Es,0

where ve,,g, 0 is the initial concentration of CjoE4 in g/mL prior to phase separation, and
VeioEst and vey g, » are the concentrations of CioE4 in g/mL in the top and bottom phases,
respectively. Since the densities of the initial, single phase solution and the two resulting
top and bottom phases are all approximately 1 g/mL, the volume ratio can be rewritten as

follows:

YE _ WC10E4,0 — WC1oEs b (7 2)
Vb WCoEs,t — WC1oE4,0

where wc, g, 0 is the initial weight fraction of CioE4 prior to phase separation, and we, g,
and we,,E,» are the weight fractions of CioE4 in the top and bottom phases, respectively.
According to Eq. (7.2), the volume ratio can be calculated using tie lines on the coexistence
curve of the C;oE,-buffer system. Similarly, the volume ratio in the C,oE4-SDS-buffer system
can be calculated using tie lines on the coexistence curve of the CioE4-SDS-buffer system

using the following lever rule result:

YE _ \/(w010E4,0 - wC1oE4,b)2 + (WSDS,O - wSDS,b)Q
7 —_

(7.3)

\/ (WeroEat — wcloE4,o)2 + (wspsy — wsps,o)2

where wgpg is the initial weight fraction of SDS prior to phase separation, and wsps,; and

wsps,» are the weight fractions of SDS in the top and bottom phases, respectively.

7.3.2 Brief Review of the Excluded-Volume Theory

In order to quantify the distribution of a protein between the two coexisting micellar
phases, the protein partition coefficient must be evaluated. The protein partition coefficient,
K, is experimentally measured and theoretically predicted in this study, and it is defined
as follows:™
Cpt

bt 1.3
Cos (1.3)

Ky

where C,; and C,; are the number densities (molecules/mL) of protein in the top and bot-
tom phases, respectively. Experimentally, the protein partition coefficient is evaluated by
taking the ratio of the measured absorbances in the top and bottom phases, since the pro-

tein concentrations are directly proportional to the measured absorbances (see Section 5.2.4).
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Theoretically, an expression capable of reasonably predicting hydrophilic, water-soluble pro-
tein partition coeflicients in two-phase aqueous “non-charged” (nonionic or zwitterionic) mi-
cellar systems composed of cylindrical micelles was developed by our group, and is repeated

below: 174

K, =exp [— (¢ — ¢») (1 + %’-)2 ] (1.4)

where ¢; and ¢, are the surfactant volume fractions in the top and bottom phases, respec-
tively, R, is the hydrodynamic radius of the protein, and R is the cross-sectional radius
of each cylindrical micelle (modeled as a spherocylindrical entity). This theory only in-
corporates steric, excluded-volume interactions that operate between the proteins and the
micelles,”* and is able to predict the preferential partitioning of proteins into the micelle-
poor phase where they experience fewer excluded-volume interactions with the micelles. This
theory can be derived from purely entropic arguments as well,”! and is also able to predict
the preferential partitioning of proteins into the micelle-poor phase where they can sample
a greater number of configurations due to the larger available volume. Based on Eq. (1.4),
for given R, and Ry values, the excluded-volume interactions between the proteins and the
micelles are determined solely by the difference in the surfactant volume fractions in the
two phases, (¢; — ¢p). As further described in Section 7.4.3, this feature was exploited to
maintain the excluded-volume interactions between the proteins and the micelles constant
for the partitioning experiments in the C;oE4-buffer and the CoE4-SDS-buffer systems. By
maintaining the excluded-volume interactions constant, the strength of the electrostatic in-
teractions between the proteins and the mixed (C19E4/SDS) micelles were examined. The
surfactant volume fractions in the two phases were obtained from the intersections of the
tie lines with the coexistence curves, since the volume fractions were approximated as being

equal to the weight fractions due to the densities of both phases being close to 1 g/mL.

7.3.3 Development of a Theory Incorporating Electrostatic Interactions

Protein partitioning in two-phase aqueous mixed (nonionic/ionic) micellar systems cannot
be fully explained by the excluded-volume theory because electrostatic interactions between
the proteins and the charged micelles are also expected to play a significant role. In this
section, a theory that incorporates both excluded-volume and electrostatic interactions is
developed. Since the proteins are allowed to partition over at least 14 hours in the experi-

ments, the establishment of diffusional equilibrium of the proteins between the two coexisting
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phases will be assumed. At equilibrium,!!!

Hpt = Iipp (7.4

where p,; and p,, are the chemical potentials of the protein in the top and bottom phases.
respectively. After some simplification (see details in Appendix D), the chemical potentia

of the protein in each phase a can be written as follows:!!?

fpo = o+ kpTInCpo + pi% + 2pa€ta (7.5)

where o denotes either top or bottom, y, is the standard-state chemical potential of the
protein, kp is the Boltzmann constant, T is the absolute temperature, C, , is the number
density (molecules/mL) of the protein in phase «, p;%, is the excess chemical potential of
the protein in phase «, 2, is the valence or net charge of the protein in phase «, e is
the electronic charge, and 1, is the electrostatic or electrical potential of phase . The
standard-state chemical potential of the protein, u;, does not have the index « because the
same standard state was chosen for the protein in both phases. This standard-state chemical
potential of the protein corresponds to a standard state in which: (i) the protein and the
solvent are the only two components present, (ii) the protein molecules interact with the
solvent molecules but not with each other, (iii) the solvent molecules interact with each
other, and (iv) the concentration of the protein is 1 molecule/mL, and therefore, has an
ideal entropy corresponding to this concentration (see Appendix D). The interactions, as
well as the ideal entropy of 1 protein molecule/mL included in i, are all accounted for at
the temperature and pressure of the system. Most of the protein’s ideal entropy, however,
is accounted for in the kgT InC,, term (see Appendix D). The excess chemical potential of
the protein in phase « accounts for any interactions not accounted for in the standard-state
chemical potential, such as, the protein-micelle interactions, and any non-idealities in the
entropy. The z,,e1, term is the electrostatic potential energy of the protein in phase c.
It is analogous to the gravitational potential energy, where the charge of the protein (z, 4€)
is analogous to the mass of an object (m), and the electrostatic potential of phase a (¢,)
is analogous to the gravitational acceleration (g). Only the valence or the net charge of
the protein is required to evaluate the electrostatic potential energy, because summing the
electrostatic potential energy of each charge on the protein is equivalent to evaluating the

electrostatic potential energy associated with only the net charge of the protein as shown
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below:

Z Naa,iZaa,i€a + Nogzegethe + NegZegePa = (Z Nog,iZaai + Nogzeg + Ncgzcg) eVq

aa,i

aa,t

= zpewa (76)

where N, ; is the number of amino acids of type ¢ in the protein, 2,4, is the valence of the
amino acid of type i, N,, is the number of terminal amino groups in the protein (if the
protein is comprised of multiple subunits), z,, is the valence of the terminal amino group,
N,g is the number of terminal carboxyl groups in the protein (if the protein is comprised of
multiple subunits), and z, is the valence of the terminal carboxyl group.

Substituting Eq. (7.5) in Eq. (7.4), recognizing that z,; = 2, = z, since both phases have
approximately equal pH values (which was later confirmed experimentally), and rearranging

yields:
(7.7)

— (1% — 1) — zpe (1 — W)
K, =exp kT
The electrostatic potentials of both phases will be assumed to be approximately equal, that
is, (¥y — 1) ~ 0. This is a reasonable first approximation, since the electrostatic potential
difference was shown in Appendix E to be approximately 0 for the C;oE4-buffer system

considered in this thesis. Equation (7.7) therefore simplifies to:

— (n& - n3)
kgT

(7.8)

K, = exp l

Accordingly, an expression for the excess chemical potential of the protein in each phase is
required, and can be obtained from an expression for the excess Gibbs free energy of each

phase by taking the following partial derivative:'!!

er _ 0Gg”
Hpo ON, .

) (7.9)
T1P7Nk,a#p,a

where G is the excess Gibbs free energy in phase @, N, , is the number of protein molecules
in phase a, Nk o#p.o is the number of non-protein molecules of type £ in phase c, and T and
P are the absolute temperature and pressure in both phases. The excess Gibbs free energy

in phase o will be approximated as follows:
G = Ge:r,EV+ Gex,elec (7.10)
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where GE5EV and GE%¢¢ are the excluded-volume and electrostatic contributions to the
excess Gibbs free energy in phase «, respectively. Other interactions, such as those of the
van der Waals and hydrophobic type, were not considered because they were shown to be
negligible in the CigE4-buffer system without the ionic surfactant. Combining Eqgs. (7.8),
(7.9), and (7.10) yields:

EV EV T er,elec ez, elec
K, = exp | — (,ueﬁ _ ,U,fi ) ex (up’t s ) (7.11)
p= &P kT P kT '
where BV
ex, BV _ (0Ga""" (7.12)
Hpa N, -
’ Tyvalr,,a;ép,a
and |
ex,elec _ (aagx,e ec) (7.13)
upva - aN )
p,a T7P7Nk,a;ép,a
Equation (7.11) can also be rewritten in the following useful form:
EVy-el
K, =K, K,f ec (7.14)
where ( - - )
ex ET
—\Mpi T Hpp
KEV = ’ 7.15
= e — (7.15)
is the excluded-volume contribution to the protein partition coefficient, and
ez, elec ex,elec
Kelec A\t ~ e (7 16)
=e )
p *P kaT

is the electrostatic contribution to the protein partition coefficient. With regard to Kf V an
expression has already been derived by our group (see Eq. (1.4) above). An expression for
K:lec will now be derived by developing an expression for ng’elec.

In order to derive an expression for ng,elec’ we first derive an expression for the elec-
trostatic contribution to the excess internal energy in phase «, U,fm’elec. Once an expression

for Ugw,elec is obtained, the electrostatic contribution to the excess Helmholtz free energy in
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phase a, Agx}e’e"’, can then be evaluated as follows:!!!

Agwelec _ prezelec  pgeselec (7.17)

where ng:elec is the electrostatic contribution to the excess entropy. In addition, as a first
approximation, the electrostatic contribution to the excess entropy will be assumed to be
zero, since the excess entropic effects associated with the sizes of the micelles and the proteins
were primarily incorporated in the excluded-volume contribution to the protein partition
coefficient, Kf V. Once an expression for AS%€C is obtained, GE%€¢ can then be evaluated

as follows:!!
Gsz,elec — Agw,elec + PVaez,elec (7.18)

A model for the total volume of the solution in phase «, V,, is then required to evaluate
Vemelec in Eq. (7.18). Partial molecular volumes of dilute solutions, where mixing volume
effects are negligible, are commonly assumed to be independent of the solution composition
and to be only a function of temperature and pressure.>>"*13 Accordingly, the total volume

of the solution in phase a will be modeled as follows:

Vo= NpoSlw+ NpoSlp+ D> Ny O, (7.19)

na=n°
*eyla

where N, o is the number of solvent molecules in phase o, N,, is the number of micelles of
aggregation number 7 in phase a, ”Zyl, o, 18 the aggregation number of the smallest cylindrical
micelle in phase a, €2, is the volume of a solvent molecule, 2, is the volume of a protein
molecule, and €2, is the volume of a cylindrical micelle of aggregation number n in phase c.
Note that Q; (i = w,p,n,) is only a function of temperature and pressure because it is the
pure molecular volume of component i. The index « is required in £2,_, because €2, is equal
to the sum of all the pure molecular volumes of the individual monomers that comprise the
micelle, and the micelle composition (the molar ratio of ionic surfactant to total surfactant in
each micelle) can depend on whether the micelle is in the top or bottom phase. The micelle
composition, however, can be approximated as a constant equal to the optimum value for all
the mixed micelles in each phase « regardless of the aggregation number,'!* and therefore,
the micelle composition is not considered as a variable in Eq. (7.19). Note also that the
buffer salt ions have been lumped along with the water molecules to form the hypersolvent.
The monomers of C;pE4 and SDS free in the solution, and not in the micelles, have been

neglected in the theoretical development because they are present at essentially the same
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concentrations at the critical micelle concentration in the top and bottom phases, and their
effects on protein partitioning cancel between the two phases. In addition, including the
volumes of the free monomers in Eq. (7.19) will not change the expression obtained for
(usi’elec - ,uﬁf,’elec) (see Appendix G). With this model for the total volume of the solution in
phase «, the contributions of V;* and V,** to (u5 — uc%) cancel each other (see Appendix G),
and therefore, the difference in excess chemical potentials due to electrostatic interactions

simplifies to:

ex,elec er,elec
uex,elec _ uez,elec _ oU, _ oU, (7.20)
Pt p.b 3Np,t aNp’b '
T)PyNw,tyNnt TapyNw,banb

Once an expression for Ucfm’elec is derived, an expression for K:lec can be obtained by com-
bining Egs. (7.16) and (7.20). Therefore, the main challenge in our theoretical approach

involves deriving an expression for US%€/%¢ which can be written as follows:!1%116

U;z,elec _ Z /I: [No,] [unp,a(r)] [Cp.a27r Ly, dr] (7.21)

Ne=n°
eyl

where r is the radial distance from the cylindrical micelle axis of symmetry, unp o (r) is the
interaction potential between a micelle of aggregation number n and a protein in phase «,
Cpo is the number density (molecules/mL) of protein in phase a, N, is the number of
micelles of aggregation number n in phase «, and L, is the length of a cylindrical micelle of
aggregation number 7 in phase a. Equation (7.21) can be rationalized physically as follows.
A cylindrical micelle of aggregation number n is first chosen at random in phase a. The
z-axis of a cylindrical coordinate system is then placed along the axis of symmetry of the
cylindrical micelle. The micelle will be modeled as a cylinder having all its charges smeared
uniformly on its surface of charge, that is, on the cylindrical surface with a radius equal
to the length of the charged SDS molecules in the mixed micelle. This assumption is rea-
sonable, since the positions of the charged SDS molecules are not fixed due to the micelles
continually exchanging surfactant molecules with the other micelles and the free monomers
in the solution. Therefore, the micelles appear, on a time-averaged basis, to have a uniform
charge density.!'* Accordingly, the electric field is radially symmetric, and independent of
the @ direction. In addition, since even the smallest cylindrical micelle in phase a with ag-
gregation number n® is infinitely long on the length scale of a protein, the electric field

cyl,a
is also not a function of the z direction, and is only a function of the radial distance. This
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micelle therefore interacts with all the proteins located at a radial distance r away from it
with an interaction potential upp (7). The number of proteins located at a radial distance
r away from the micelle, in a mean-field approach, is equal to the concentration of proteins
in phase o, C, ,, multiplied by the differential volume, 27rL, dr. The same analysis is then
performed for all the micelles of aggregation number n in phase «, and therefore, a factor
of N,, appears in Eq. (7.21). Then, an integration over the entire volume of phase « is

performed from Ry (the choice of this lower limit will be discussed later) to infinity. The ag-

o
cyl,a

at each aggregation number. Although electrostatic interactions are generally long-ranged,

gregation number is then varied from n to infinity, while the above analysis is performed
considering only pairwise interactions is reasonable since the electrostatic potentials of the
micelles are effectively screened by the hypersolvent, which contains the buffer salt ions. In
particular, the Debye-Hiickel screeening length is only 13.9 A, and the electrostatic interac-
tions are indeed short-ranged. Protein-protein interactions have been neglected, since the
solutions are infinitely dilute in protein. With regard to micelle-micelle interactions, they are
present in these systems, since they are required in order to have phase separation. However,
their contribution to the protein partition coefficient has been found to be negligible in the
past,”! and therefore, they will also be neglected in this derivation.

Based on Eq. (7.21), an expression for the interaction potential between a micelle and a
protein in phase a, unp o(r), is required to derive an expression for Ueselec Since the mi-
celles are infinitely long on the length scale of the protein, their end effects due to their hemi-
spherical caps will be ignored. The Debye-Hiickel approximation to the Poisson-Boltzmann
equation will also be used, and its validity in this system will be verified later. In the
Debye-Hiickel approximation, the electrostatic potential of an infinitely long cylinder in the

hypersolvent (in the cgs system of units) is given by:!17-118

dro Ko(kr)

Yey(r) = ren Ky (5B (7.22)

where r is the radial distance from the cylinder’s axis of symmetry, o is the surface charge
density of the cylinder (charge/area), « is the inverse Debye-Hiickel screening length based
on the buffer salt ions in the hypersolvent, ¢, is the dielectric constant of water, R is the
radius of the cylinder, and K, and K, are modified Bessel functions of the second kind of
order 0 and 1, respectively.

The surface charge density can be evaluated because, as discussed above, all the charges

will be modeled as being uniformly distributed on the cylindrical surface of charge. This
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assumption of a uniform charge density was required in order to use the Poisson-Boltzmann
equation,''® which was used to derive the electrostatic potential in Eq. (7.22).117118 [y
Appendix H, the surface charge density of every micelle in phase « is shown to be a constant.
In addition, R, is the radius of the surface of charge of the mixed micelles, which is equal to
the length of a SDS molecule in the micelle, [gpg. With Program MIX2 (a program developed
by our group to predict fundamental properties of mixed surfactant systems),>4108:114 ] oy

was shown to be essentially constant for all the micelles in the top and bottom phases
k 1s also a constant for the two phases, since the concentrations of the buffer salt ions
are essentially the same in both phases (see Appendix C). Accordingly, the electrostatic

potential of any micelle in phase a can be rewritten as follows:

Ao, Ko(KT)

7.23
K,Cle (f{lsps) ( )

'ébmic,a (r) =

For the electrostatic potential in Eq. (7.23), the quantity that will be referred to as £ can

be evaluated as follows:
Zionewmic,a

7.
pGe (7.24)

&=

where z;,,, is the valence of a buffer salt ion. £ is an important quantity to calculate because
the Debye-Hiickel approximation is valid when £ is much less than 1. It can be shown that
¢ is indeed much less than 1 for r values between 45 A and co. Even at r=21 A (the lower
limit of integration in Eq. (7.21)), where the magnitude of 9y, o is the highest, £ is only 0.9,
which indicates that the Debye-Hiickel approximation should not give rise to large errors.
This is expected, since the surface charge density of the micelles, and therefore, ¥p;c o, s
low due to the molar ratio of charged surfactant to non-charged surfactant being only about
1 to 20 in each phase.

In order to obtain an analytical expression for the electrostatic contribution to the protein
partition coefficient, each protein will be modeled as a point ion with a charge equal to its
net charge. The estimation of the net charge of each protein is described in Section 7.3.4.
Treating the proteins as point ions should also not give rise to large errors, since the net
charges on the proteins considered in this study are all fairly low (see Section 7.3.4). With
this model for the micelles and the proteins, the interaction potential, unpo(r), is given
by:120

Unp,a(T) = Vmic,a(T)2pe (7.25)

Since the proteins are treated as point ions, the shortest distance between the micelle’s
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axis of symmetry and each ion is the length of the C;oE4 molecule in the micelle. The length
of the C19E4 molecule (Ry), and not the length of the SDS molecule ({gpg), determines this
distance because about 95% of each micelle is composed of the C;oE; molecules. Accordingly,

R, defines the lower limit of integration in Eq. (7.21). Although the electrical double-layer

121,122

interaction between a sphere and a cylinder has been modeled more rigorously, an

analytical solution cannot be obtained. The expression of Hogg et al. was also not used for

the double layer interaction between a sphere and a cylinder because their expression also

requires approximations, such as modeling the cylinder as a flat plate.'?!

Combining Egs. (7.21), (7.23), and (7.25) yields the following expression for U/¢%¢kec;

87T20'02p6Np aROKl (KR(]) 0
. L, N, .
liszvaKl (K',lsps) Z @ * (7 26)

na=n°
*eyl,a

ex,elec _
u,” =

Taking the partial derivative of U:x,elec with respect to NV, , then yields:

QU £ elec 87204z, Ry K1 (KRo) [ 1 Q o
0Us """ _ 8% ~_C a—”) S LN, | (7.27
( ONp,a >T,P,NwaN K2ew K1 (klsps) (Va P Va na=ng, S
ane i cyL,a

The term (C,$2,/V,) is negligible because each phase is infinitely dilute in protein, and
the ratio of the protein’s molecular volume to the volume of the entire a phase (2,/V,) is
much less than 1. In addition, the protein partition coefficient, in the strict sense, should be
independent of protein concentration, since it is truly defined in the limit of infinite dilution

of the protein. Accordingly, Eq. (7.27) simplifies to:

ang,elec _ 8720, 2pe Ro K1 (kRp) 1 i LN, (7.28)
ONpa ) 1. Nu Vs r2ewKa(hlsps) Vo \n,Zo?
s a eyl

Equation (7.28) can also be rewritten in terms of the total surfactant volume fraction in
phase a, ¢,. The total surfactant volume fraction in phase « is approximately equal to the
volume fraction of the micelles in phase «, since the volume fraction of the monomers is
orders of magnitude lower that of the micelles in each phase. The total surfactant volume
fraction in phase « is therefore essentially given by:

Ymo=ne  (Nug) (TR Ln,)

cybe - (7.29)

Pa
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where Ry, and not lgpg, defines the radius of each micelle, since about 95% of each micelle

is composed of the C;oE4 molecules. Combining Eqs. (7.28) and (7.29) yields:

_ 8mogzpeK (KRy)

6Uez,elec
— N = o 7.30
( ONp o )T,P,Nw,mzvna Kk2ey Ro K1 (Klsps) (7:30)
Combining Egs. (7.16), (7.20), and (7.30) then yields:
elec __ ﬁgﬂzpeKl(“RO) _
o =exp [KzﬁwRokBTKl(KZSDS) (0160 = o) (7.31)

An analytical expression for the electrostatic contribution to the protein partition coeffi-
cient has therefore been derived. This expression, given by Eq. (7.31), will be used to predict
protein partition coefficients in the C;oE4-SDS-buffer system in Section 7.4.4.

7.3.4 Estimation of the Net Charges of the Proteins

The expressions used for estimating the net charges or valences of the proteins will now
be derived. Focusing on the terminal carboxyl unit and the amino acids that can have side
chains with negative charges (that is, aspartic acid, glutamic acid, cysteine, and tyrosine),
the Henderson-Hasselbalch equation!?® can be applied as follows:

[A7]
H =pK, +log | —= 7.32
pH = pK, + log ([ HA] (7.32)
where [H A] is the molar concentration of the amino acid, [A™] is the molar concentration of
the unprotonated form of the amino acid, and the pK, of the amino acid is given by:

pK, = —log K, = —log (%—]) (7.33)

where [H*] is the molar concentration of H*. Equation (7.32) can be rearranged to yield:

1

10(PH-PKa) (7.34)

[HA] =[A7]
A mole balance on the unprotonated and protonated forms yields the following relation that

involves [A~] and [HA]:
[A7] + [HA]| = Na[P] (7.35)
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where N4 is the number of amino acids per protein or the number of terminal carboxyl units
per protein (if the protein is composed of more than one subunit), and [P] is the molar

concentration of the protein. Substituting Eq. (7.34) in Eq. (7.35) and rearranging yields:

Na[P]

[A7] = (7.36)
1+ Semra
Equation (7.36) can be simplified to:
N4[P 10PH-PKs) N, 10(PH-PK.)
a7 = A e = e 1P (7.7
1+ om 10(PH-pKs) 1 4 10(PH-PKa)

—pKa)

Equation (7.37) can be applied to the terminal carboxyl unit, aspartic acid, glutamic acid,
cysteine, and tyrosine with knowledge of the N4, pH, and the pK, values. The N4 value
can be determined from the amino acid sequence. The pH of the solution can be measured.
The pK, of the amino acid or the terminal carboxyl unit can be estimated based on typical
values in the literature (see Table 7-2). After applying Eq. (7.37) to the terminal carboxyl
unit and the different amino acids, the resulting [A~] values can then be summed to obtain
a relation for the molar concentration of negative charges, [Neg Charge], in terms of [P).
For some amino acids, however, the protonated form is positively charged, while the
unprotonated form is neutral. Focusing on these amino acids that can have side chains
with positive charges (that is, histidine, lysine, and arginine) and the terminal amino unit,

Eq. (7.32) can be rewritten as follows:

pH = pK, + log <[f£jjl}+]> (7.38)

where [H A*] is the molar concentration of the amino acid, [A] is the molar concentration of

the unprotonated form of the amino acid, and the pK, of the amino acid is given by:

pK, = —logK, = —log C{ff;fll[ﬁ]) (7.39)

Equation (7.38) can be rearranged to yield:
[A] = [HAT]|10PH-PKa) (7.40)

A mole balance on the unprotonated and protonated forms yields the following relation that
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involves [A] and [HAT):
[A] + [HAY] = Na[P] (7.41)

where N4 is the number of amino acids per protein or the number of terminal amino units

per protein (if the protein is composed of more than one subunit), and [P] is the molar

concentration of the protein. Substituting Eq. (7.40) in Eq. (7.41), and rearranging yields:

N
1+ 100H-7Ka)

[HAT] = [P] (7.42)
Equation (7.42) can be applied to the terminal amino unit, histidine, lysine, and arginine
with knowledge of the N4 (from the amino acid sequence), pH (which is measured), and pK,
values (see Table 7-2). After applying Eq. (7.42) to the terminal amino unit and the different
amino acids, the resulting [HA*] values can then be summed to obtain a relation for the
molar concentration of positive charges, [Pos Charge], in terms of [P]. The [Neg Charge]
value can then be subtracted from the [Pos Charge| value to yield the molar concentration

of net positive charges, [Net Pos Charge), as follows:
[Net Pos Charge] = [Pos Charge] — [Neg Charge] (7.43)

Since the molar concentration of net positive charges, [Net Pos Chargel, is expressed in
terms of the molar concentration of protein, [P], [Net Pos Charge] can be divided by [P] to
yield the net positive charge per protein. If this net positive charge per protein is positive
(or negative), the protein has an overall net positive (or negative) charge.

For lysozyme, cytochrome c, and ovalbumin, their net charges at the pH of the buffer
(7.2) were estimated to be +7.65, +9.25, and -11.23, respectively, based on their amino acid
sequences. With regard to catalase, it is comprised of 4 identical subunits, and therefore, its

net charge was estimated as -11.23 by multiplying the net charge of one subunit by 4.

7.4 Results and Discussion

7.4.1 Mapping the Three-Dimensional Phase Diagram of the C,oE;-SDS-Buffer
System between 19.8°C and 23.1°C

The three-dimensional phase diagram of the C;oE4-SDS-buffer system between 19.8°C
and 23.1°C is shown in Figure 7-2. For each temperature investigated, a transition from the

one-phase region to the two-phase region is attained by crossing the solid line from higher SDS
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Table 7-2: Typical pKa’s of amino acids and terminal groups.'??

Amino Acid or

Terminal Group pKa
Terminal Carboxyl 3.1
Aspartic Acid 4.4
Glutamic Acid 4.4
Histidine 6.5
Terminal Amino 8.0
Cysteine 8.5
Tyrosine 10.0
Lysine 10.0
Arginine 12.0

concentrations to lower SDS concentrations. Therefore, for each temperature investigated,

)

the two-phase region is inside the “loop,” while the one-phase region is outside the “loop.”
Each “loop” intersects the 0 wt% SDS plane twice. These two intersections correspond
to the concentrations of CioE4 in the two phases in equilibrium with each other in the
CioEs-buffer system (without SDS). In other words, the intersection of the three-dimensional
phase diagram with the 0 wt% SDS plane will yield the two-dimensional phase diagram of
the CjoE4-buffer system shown in Figure 4-1. The three-dimensional phase diagram can
therefore be viewed as half an ice cream cone, where the two-phase region is inside the cone
(where the ice cream would be) and the one-phase region is outside the cone. The tip of this
ice cream cone corresponds to 19.0°C, which is the lower critical point of the C;oE,-buffer
system shown in Figure 4-1. Accordingly, phase separation in the C;oE4-SDS-buffer system
only occurs above 19.0°C.

As shown in Figure 7-2, higher SDS concentrations can be accessed by increasing the
phase separation temperature. Adding SDS increases the phase separation temperature
because it introduces electrostatic repulsions between the micelles. To counter these elec-
trostatic repulsions, higher phase separation temperatures are necessary, since increasing
the temperature increases the attractive interactions between these predominantly CyoE,4

micelles, which are required for phase separation to occur (see Chapter 1).
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Figure 7-2: The three-dimensional phase diagram of the C;oE4-SDS-buffer system between
19.8°C and 23.1°C. The gray circles correspond to the experimentally measured data points.
Each solid line was drawn to help visualize the intersection between a constant temperature
horizontal plane and the phase diagram. The error bars have not been shown to avoid further
complicating the presentation of the phase diagram. For each temperature above 19.0°C (the
lower critical point in the C,oE4-buffer system shown in Figure 4-1), a transition from the
one-phase region to the two-phase region can be attained by decreasing the concentration of

SDS.
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7.4.2 Mapping the Coexistence Curve of the C,(E;-SDS-Buffer System at a
Temperature of 25.2°C

As discussed in Section 7.2.3, in order to experimentally observe an effect of the electro-
static interactions in the protein partitioning experiments, it is desirable to form a two-phase
system with the top, micelle-rich phase containing a relatively high concentration of SDS.
In addition, based on the results of Section 7.4.1, it was concluded that higher SDS concen-
trations can only be accessed with higher operating temperatures. However, an operating
temperature of only 25.2°C was selected for the protein partitioning experiments, since: (i)
proteins can become thermally denatured, and (ii) this experimental study served only as a
proof-of-principle demonstration that electrostatic interactions could be triggered between
the proteins and the micelles by mixing some ionic surfactant with a nonionic surfactant. The
coexistence curve of the CyoE;-SDS-buffer system at 25.2°C and an operating tie line were
therefore required prior to conducting any protein partitioning experiments. The coexistence

curve that was mapped out is shown in Figure 7-3.
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Figure 7-3: The coexistence curve of the CioE4-SDS-buffer system at 25.2°C. The error
bars have not been shown to avoid further complicating the presentation of the coexistence
curve.

In contrast to the C;qE;-buffer system, more experiments are required to locate tie lines
for the C;gE4-SDS-buffer system. One tie line was located on the C;oE;-SDS-buffer phase
diagram at 25.2°C by first passing the best-fit quadratic curve through the experimentally
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determined points comprising the coexistence curve, and then finding a line on which seven
(SDS wt%, CioE4 wt%) points yielded experimentally measured volume ratios that were
approximately equal to the predicted volume ratios based on the lever rule result in Eq. (7.3).
The best-fit quadratic curve (with an r? of 0.98), the seven (SDS wt%, CioEs wt%) points,
and the located tie line are shown in Figure 7-4.

A quadratic fit was chosen in order to capture the physical essence of the coexistence
curve with the least fitted parameters. Although a first order (linear) fit would éorrespond
to the least fitted parameters, such a fit would not make physical sense for a ternary phase
diagram, because curvature is required in order for a tie line to precisely connect two points
on the coexistence curve. A tie line could never connect only two points on a linear curve.
Indeed, in that case, it would intersect only at one point or at an infinite number of points,
that is, the tie line and the coexistence curve would be collinear. In addition, the ability to
locate an operating tie line based on the quadratic fit provided the a posterior: justification
that the coexistence curve in Figure 7-3 was quadratic and indeed had some curvature.

The tie line that was located intersects the coexistence curve at (0.0029 wt% SDS, 0.087
wt% CyoE4) and (0.18 wt% SDS, 3.77 wt% Ci9E4). Therefore, if a solution is prepared with
initial SDS and C;yE4 concentrations corresponding to a point on the tie line, the system
would phase separate to yield a bottom, micelle-poor phase with 0.0029 wt% SDS and 0.087
wt% CyoE4 and a top, micelle-rich phase with 0.18 wt% SDS and 3.77 wt% CyoE,. Based
on these values, the molar ratio of CipE4 to SDS is 18.1 in the top phase and 25.9 in the
bottom phase, indicating that both phases contain much more C;E, than SDS.

Although the CgE4-SDS-buffer system is actually composed of five components (SDS
in addition to the four components in the CioE4-buffer system), the coexistence curve and
operating tie line in Figure 7-4 correspond to those for a ternary system. The justification
for approximating the C,oE4-SDS-buffer system as a pseudo-ternary system is provided in
Appendix C.2.

7.4.3 Partitioning Proteins in the C(E;-Buffer and the C,,E;-SDS-Buffer

Systems

In order to determine the strength of the electrostatic interactions between the proteins
and the charged micelles, two net positively-charged proteins and two net negatively-charged
proteins were partitioned in the CyoE4-buffer and the CyoE4-SDS-buffer systems at condi-
tions where the excluded-volume interactions between the proteins and the micelles were

maintained constant. As discussed in Section 7.3.2, according to Eq. (1.4), the excluded-
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Figure 7-4: The coexistence curve of the C;oE4-SDS-buffer system at 25.2°C with the
located tie line. The solid line corresponds to the best-fit quadratic curve through the
experimentally measured points shown in Figure 7-3. The dashed line corresponds to the
tie line that was located by finding seven points (which are shown as black squares) along a
line for which the experimentally measured volume ratios were approximately equal to the
predicted volume ratios based on the lever rule.
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volume interactions between the proteins and the micelles can be maintained constant by
holding (¢ — ¢») constant for fixed R, and Ry values. For a given protein, R, is fixed and in-
dependent of the system in which it is partitioned. With regard to R,, Program PREDICT
(a computer program developed by our group to predict fundamental micellar properties
for single surfactant systems)® predicted the cross-sectional radii of the cylindrical CioE,4
micelles (without SDS) to be approximately 21 A. For the cylindrical mixed (C;oE4/SDS)
micelles in the two phases connected by the tie line in Figure 7-4, Program MEX2*-108,114
predicted the cross-sectional radii to also be approximately 21 A. It is not surprising that the
cross-sectional radii are similar because each of the phases connected by the tie line in Fig-
ure 7-4 contains about 20 times more C;oE4 molecules than SDS molecules. In other words,
the mixed (CyoE4/SDS) micelles closely resemble the CioE4 micelles (without SDS) due to
the overwhelming number of C1oE4 molecules. Since R, and R, are constant, the excluded-
volume interactions between a particular protein and the micelles can also be maintained
constant by finding the temperature in the CioE4-buffer system that yields a tie line with
the same (¢; — @) value as the one located in the Cy9E4-SDS-buffer system in Figure 7-4.
This desired temperature in the CjoE4-buffer system was found to be 19.3°C as shown in

Figure 7-5.
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Figure 7-5: The coexistence curve of the CioE4-buffer system with the tie line at 19.3°C. Tie
lines in this phase diagram can easily be located, since they correspond to the intersections
of constant temperature horizontal lines with the coexistence curve.
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At the pH of the buffer used in the experiments (pH=7.2), two net positively-charged
proteins (lysozyme and cytochrome c) and two net negatively-charged proteins (ovalbumin
and catalase) were partitioned along the tie lines shown in Figures 7-4 and 7-5. The re-
sults of all the partitioning experiments are shown in Figure 7-6. For each protein, the
difference between the partition coeflicients measured in the CigE4-buffer and the C;oE,-
SDS-buffer systems was statistically significant, indicating that electrostatic interactions do
indeed have an effect. In particular, for the two net positively-charged proteins (lysozyme
and cytochrome c), the proteins were electrostatically attracted or “fished” into the top,
micelle-rich phase, which contained a greater number of negatively-charged mixed micelles.
The two net negatively-charged proteins (ovalbumin and catalase), on the other hand, were
electrostatically repelled or “hammered” from the top, micelle-rich phase into the bottom,
micelle-poor phase, which contained fewer negatively-charged mixed micelles. The mass
balances on all the proteins closed to 100% within the experimental error. Based on these
experimental results, the C;oE4-SDS-buffer system has shown the capability to modulate
both excluded-volume and electrostatic interactions between the proteins and the charged
micelles. In addition, it should be noted that the electrostatic interactions between the pro-
teins and the charged micelles can be further increased by the addition of more SDS, since,

in this study, the molar ratio of SDS to CioE4 was only about 1 to 20..

7.4.4 Theoretically Predicting Protein Partition Coefficients in the
C1oE4-SDS-Buffer System

In order to test our theory for predicting protein partition coeflicients in two-phase aque-
ous mixed (nonionic/ionic) micellar systems, the experimental data from Section 7.4.3 were
compared to the predictions obtained using Egs. (1.3), (7.14), and (7.31). In order to im-
plement the theory, the concentrations of SDS in both phases were required, and they were
determined from the intersections of the tie line with the coexistence curve in Figure 7-4.
With regard to the net charge or valence of each protein, that was estimated as described
in Section 7.3.4. The theoretically predicted protein partition coefficients are compared to
the experimental ones in Figure 7-7. As shown in Figure 7-7, there is reasonable agreement
between the predicted and measured protein partition coefficients, which indicates that the
simple theory developed here captures reasonably well the underlying physics. Therefore,
it can also be concluded that the effect of the electrostatic potential difference between the
two phases, which was neglected to obtain Eq. (7.8), is small for the proteins examined in

this system.
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Figure 7-6: The experimentally measured protein partition coefficients in the C;oE4-buffe
and the C;yE4-SDS-buffer systems. The white and gray bars correspond to the protein par
tition coefficients measured in the C,qEs-buffer system and the C;qE4-SDS-buffer system
respectively. The two net positively-charged proteins (lysozyme and cytochrome c) are at
tracted into the top, micelle-rich phase, relative to the case without SDS, as evidenced b,
their K, values being smaller than one as well as smaller than those attained without SDE
The two net negatively-charged proteins (ovalbumin and catalase) are repelled from the tor
micelle-rich phase into the bottom, micelle-poor phase, relative to the case without SDS, a
evidenced by their K, values being greater than one as well as greater than those attaine
without SDS. The error bars correspond to 95% confidence limits for the measurements.
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With the exception of lysozyme, the theory overpredicts the strength of the electro-
static interactions between the proteins and the micelles. For the net positively-charged
cytochrome ¢, the theory predicts that more of the cytochrome ¢ will be “fished” into the
top, micelle-rich phase than is experimentally observed. For ovalbumin and catalase, the
theory predicts that more of each net negatively-charged protein will be “hammered” into
the bottom, micelle-poor phase than is experimentally observed. The strength of the elec-
trostatic interactions may have been overestimated due to a possible overestimation of the
magnitude of the electrostatic potential of each micelle. The magnitude of the electrostatic
potential obtained by using the Debye-Hiickel approximation may be higher than the one
obtained by solving the full Poisson-Boltzmann equation, which happens to be the case for
charged flat plates.!?* However, it should be noted that an analytical solution to the Poisson-
Boltzmann equation only exists for flat plates,!’® and that either numerical methods or an
analytical approximation (such as the Debye-Hiickel approximation) are required to imple-
ment the full Poisson-Boltzmann equation in the case of infinite cylinders. The strength of
the electrostatic interactions may also have been overestimated by modeling each protein as
a point ion with a charge equal to its net charge, since this may overestimate the charge
which can actually approach the surface of the micelle, where the magnitude of the electro-
static potential of the micelle is the highest. Although modeling each protein as a sphere
is possible, numerical methods are required to evaluate the interaction between an infinitely
long cylinder and a sphere, and an analytical solution is not available.!?1122

Although the above-mentioned suggestions may improve the theoretical predictions for
cytochrome ¢, ovalbumin, and catalase, they will further increase the discrepancy between
theory and experiment for lysozyme. In the case of lysozyme, the theory is already underpre-
dicting the strength of the electrostatic interactions, since more of the net positively-charged
lysozyme is actually being “fished” into the top, micelle-rich phase than is theoretically pre-
dicted. This underprediction could be explained if some of the amino acids of lysozyme had
pKa values that differed significantly from the typical values that were used in the predic-
tions. The observed discrepancy could indeed be accounted for if the actual net charge of
lysozyme was only a few positive charges greater than the predicted net charge.

Although the theory (Eq. (7.31)) may be quantitatively improved by implementing some
of the above-mentioned modifications, the current analytical expression already does a rea-
sonable job of predicting protein partition coefficients in the CioE4-SDS-buffer system. In
addition, since there is nothing in the theory that prevents it from being applied to other

two-phase aqueous mixed (nonionic/ionic) micellar systems, future experiments should be

169



1.5

1.0 |

05 |-

Lysozyme Cytochrome c

Ovalbumin Catalase

Figure 7-7: Comparison between the experimentally measured (shown by the white bars)
and theoretically predicted (shown by the gray bars) protein partition coefficients in the
C10E4-SDS-buffer system.

performed in other systems to test the robustness of the theory. The simplified theory,
therefore, has the potential of being used to design operating conditions. Specifically, the
advantage of having an analytical result is that it can be used to quickly identify the relative
importance of certain variables in influencing the protein partition coefficient, as demon-
strated in Chapter 8. Through the dependence of k on ionic strength and z, on pH, the
theory can predict the effect of changing ionic strength and pH on the protein partition
coefficient. The theory can also aid in determining the types of surfactant to use, since
Eq. (7.31) is a function of Ry, lsps, 0, and op. As discussed and shown in Section 7.3.3 and
Appendix H, these quantities are all functions of the type of nonionic surfactant, type of
ionic surfactant, the relative concentrations of these two surfactants used in the system, and
the ionic strength of the solution. This is very useful, since our group is able to predict mixed
micellar properties, such as Ry, lsps, 0;, and o, based solely on the molecular structures
of the two surfactants, the concentrations of the two surfactants, and the ionic strength of
the solution. The concentrations of the two surfactants also enter Eq. (7.31) through ¢
and ¢,. Accordingly, the ionic strength, pH, type and concentration of nonionic surfactant,
and type and concentration of ionic surfactant have the potential of all being simultaneously

optimized using Eq. (7.31) in concert with Program MIX2.54108,114
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7.5 Conclusions

Both experimental and theoretical studies were conducted in the fundamental investiga-
tion presented in this chapter. The experimental study demonstrated proof-of-principle that
two-phase aqueous mixed (nonionic/ionic) micellar systems can indeed be used to modulate
both electrostatic and excluded-volume interactions between the proteins and the charged
micelles. After mapping out the required coexistence curves and justifying their applicability,
two net positively-charged proteins (lysozyme and cytochrome c) and two net negatively-
charged proteins (ovalbumin and catalase) were partitioned in the CioE4-buffer and CoEy-
SDS-buffer systems at conditions where the excluded-volume interactions between the pro-
teins and the micelles were maintained constant. Comparison of the partitioning results
between the two systems indicated that the electrostatic interactions between the proteins
and the charged mixed (C19E4/SDS) micelles did have an effect on protein partitioning.

A theory was also developed to predict protein partition coefficients in two-phase aqueous
mixed (nonionic/ionic) micellar systems. The theory incorporated the dominant interactions,
namely, the excluded-volume and electrostatic interactions, between the proteins and the
charged mixed micelles. With regard to the excluded-volume interactions, they were previ-
ously modeled by others in our group,”" and therefore, the main component of the theoret-
ical study presented here was modeling the electrostatic interactions. Each charged micelle
was modeled as an infinitely-long cylinder with an associated electrostatic potential obtained
by using the Debye-Hiickel approximation to the Poisson-Boltzmann equation. Each protein
was modeled as a point ion with a charge equal to its net charge, which was predicted based
on its amino acid sequence, typical pKa values,'?® and the Henderson-Hasselbalch equation.
Program MIX25%108111 was also used to obtain values of the various parameters (Ry, lsps,
Yspss, and Ysps,) associated with the charged mixed micelles. The theoretical predictions
were compared with the experimental data, and the theory was shown to provide reasonable
quantitative predictions of protein partition coeflicients in the C;oE4-SDS-buffer system.

Solving the full Poisson-Boltzmann equation and modeling the electrostatic interactions
between a spherical protein and an infinitely-long charged micellar cylinder are expected
to improve the quantitative agreement between the predicted and measured protein parti-
tion coefficients. Although the theory can be quantitatively improved by implementing the
modifications suggested above, the current analytical expression for the protein partition
coefficient already does a reasonable job of predicting protein partitioning in the CjoE4-
SDS-buffer system. In addition, the simplified theory has the potential of being used to

quickly design operating conditions, as demonstrated in Chapter 8.
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Chapter 8

Theoretical Analyses of Protein Partitioning
in Two-Phase Aqueous Mixed Micellar

Systems

8.1 Introduction

Using the theory developed in Chapter 7, one can develop design strategies to optimize
the protein partition coefficient, K,, without conducting any experiments. As shown in
Chapter 7, this theory was derived from first principles, and has no fitted parameters. Since
an analytical expression is available for K,, the theory can be used to quickly ascertain
the relative importance of various experimentally controllable variables that can affect the
protein partition coefficient without the need for performing any measurements. In this
chapter, three of the variables that can be tuned by the scientist or engineer will be inves-
tigated. These variables include: (i) the solution pH, (ii) the ionic strength of the solution,
and (iii) the type of ionic surfactant. Possible coupled effects between these three variables
can also be investigated using the theory developed in Chapter 7, and a response surface
of the protein partition coefficient as a function of these variables can then be generated
theoretically to identify the optimum operating conditions.

In this chapter, the theory presented in Chapter 7 to predict protein partition coeffi-
cients in two-phase aqueous mixed (nonionic/ionic) micellar systems will also be extended
to include: (i) ionic surfactants having charges located beyond the hydrophilic head of the
nonionic surfactant, and (ii) zwitterionic surfactants in place of the nonionic surfactant. Al-
though zwitterionic surfactants have both positive and negative charges, they possess no net
charge, that is, they can be regarded as being “noncharged”, and some of them can also
exhibit phase separation in aqueous solutions. In the discussions that follow, we will denote

both nonionic and zwitterionic surfactants as “noncharged”. Based on the theoretical ex-
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pressions derived for K, for cases (i) and (ii), a theoretical comparison will be made between
different two-phase aqueous mixed (“noncharged” /ionic) micellar systems regarding their
protein purification capabilities.

The remainder of this chapter is organized as follows. In Section 8.2, the analytical
expression for K, derived in Chapter 7 is used to examine the effects of various experimentally
controllable variables on the protein partition coefficient. Section 8.3 describes the use of the
theory to conduct a factorial design and to generate a response'surface. In Section 8.4, the
partitioning theory is extended to include ionic surfactants having charges located beyond
the hydrophilic head of the nonionic surfactant. Section 8.4.1 provides the details associated
with extending the partitioning theory to include zwitterionic surfactants in place of the

nonionic surfactant. Finally, concluding remarks are presented in Section 8.5.

8.2 Analyzing the Relative Effects of Various Experimentally

Controllable Variables on the Protein Partition Coefficient

An important benefit of the theory developed in Chapter 7 is the ability to provide useful
guidelines to optimize the protein partition coefficient without performing a single exper-
iment. As such, this theory, which does not require any experimentally measured protein
partition coefficients as inputs, may be used by industrial researchers to save time-consuming
trial-and-error experimentation and associated human and financial resources. Since an
analytical expression is available for K, the effect of various independent experimentally
controllable variables on the protein partition coefficient can be quickly ascertained. This
section demonstrates this concept using the expression for the protein partition coefficient

derived in Chapter 7, and repeated below for clarity:
K, = KZVE e (7.14)

where the excluded-volume (EV) contribution to K, is given by:

KPPV = exp [— (¢: — ¢b) (1 + %)2 } (1.4)

and the electrostatic (elec) contribution to K, is given by:

—8mzyeK1(KkRy)
k2, RokpT K (klsps)

K:lec = €xp [ (019 — O'bﬁbb):l (7.31)
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In Egs. (1.4) and (7.31), ¢, and ¢, are the surfactant volume fractions in the top and bottom
phases, respectively, R, is the hydrodynamic radius of the protein, Ry is the cross-sectional
radius of the cylindrical micelle, z, is the valence of the protein,  is the inverse Debye-Hiickel
screening length, €, is the dielectric constant of water, kp is the Boltzmann constant, T is
the absolute temperature, [sps is the length of a SDS molecule (a model anionic surfactant),
K is the modified Bessel function of the second kind of order 1, and o, and o}, are the
surface charge densities (charge/area) of the mixed micelles in the top and bottom phases,

respectively. The length of a SDS molecule, lspg, is given by the following relation:
lsps=1lc+den (8.1)

where [, is the length of the hydrocarbon tail, and d., is the distance from the end of the
hydrocarbon tail to the negative charge on the sulfate group.

Lysozyme, which is one of the proteins examined in Chapter 7, was selected as the model
protein in the theoretical analysis presented here because its separation from bacteriophage
P22 was investigated experimentally in this thesis (see Chapters 6 and 9). In the theoret-
ical analysis that follows, all the variables examined were maintained at their values from
Chapter 7, except for the particular variable under investigation whose value was allowed
to vary within a given range. This scenario may actually be encountered in practical sepa-
ration cases when additional constraints on the process prevent the manipulation of all the
variables except one. The values of the variables from Chapter 7 used to evaluate Egs. (1.4),
(7.14), and (7.31), as well as the corresponding values of Kf 4 erlec, and K, for lysozyme,
are summarized in Table 8-1. Based on the theory, three of the variables that can be manip-
ulated include: (i) the solution pH, (ii) the ionic strength of the solution (/S), and (iii) the
distance from the end of the hydrocarbon tail to the charge of the anionic surfactant (d.).
Although the theoretical analysis presented here focused on anionic (negatively charged) sur-
factants, a similar analysis can also be carried out in the case of cationic (positively charged)
surfactants.

The influence of the solution pH on the protein partition coefficient was first investigated.
In this analysis, the solution pH is assumed to only affect the net charge or valence of the
protein, z,, in Eq. (7.31). The net charge of the protein varies with changes in the pH as
described in Section 7.3.4. However, note that, in some cases, the solution pH may also
have an effect on the coexistence curve of the two-phase aqueous mixed micellar system,
that is, on the ¢; and ¢, values in Eqgs. (1.4) and (7.31). The predicted effect of pH on K,

is shown in Figure 8-1. The pH range of 2 to 12 was selected in this analysis because it
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Table 8-1: The values of the variables used to predict the partition coefficient of lysozyme
in Chapter 7. The corresponding predicted values of Kf 4 Klflec, and K, from Chapter 7
have also been included for completeness. “See Eq. (8.2) for the relation between x and
IS. "See Section 7.3.4 for the relation between z, and pH. “See Eq. (8.3) for the relation
between o; or o3, and the following variables: (i) the micelle composition (the molar ratio of
SDS to total surfactant in every micelle) in the top and bottom phases, ysps. and ysps,, (ii)
the valence of SDS, zgps, and (iii) the volumes of the hydrocarbon tails of CyoE4 and SDS,

Utail, 010 B4 and Vtait,sDs-

Variable Value
electronic charge (e) | 4.8029 x 10710 esu
ionic strength (I.5) 0.04911 M

K 7.305 x 10° 1/cm
pH 7.2
% +7.65
€w 78
Ry 21 A
R, 19 A
kg 1.38066 x 1071 erg/K
T 298.32 K
kgT 4.1188 x 107 erg
e 11.83 A
deh 3.7A
lsps 15.53 A
b1 0.0377
o 0.00087
o] -4211 esu/cm? ¢
o -3660 esu/cm? ©
Ysps,e 0.053
Ysps,p 0.046
ZSDS -1
Vtait, Cro Bs 2.695 x 1072 cm?
Vsait,sDs 3.233 x 107% cm?®
KEV 0.875
Kgle 1.24
K, 1.09
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encompasses the majority of the entire pH range. However, the pH range between 2 and
12 may not be accessible for some proteins that denature at high or low solution pH. As
indicated in Figure 8-1, the protein partition coeflicient decreases as the pH is increased. The
predicted trend is physically intuitive because increasing the pH changes the net charge on
lysozyme from a net positive value to a net negative value. At pH values lower than the pl
of lysozyme (which has been predicted to be 9.0 based on the equations in Section 7.3.4), the
net positively-charged lysozyme is attracted electrostatically into the top, micelle-rich phase
that has the greater number of net negatively-charged mixed micelles. On the other hand,
at pH values higher than the plI of lysozyme, the net negatively-charged lysozyme is repelled
electrostatically into the bottom, micelle-poor phase from the top, micelle-rich phase. At
the pH value equal to the theoretically predicted pl of 9.0, the protein partition coefficient is
equal to the excluded-volume contribution to the protein partition coefficient, Kf = 0.87,
since the electrostatic contribution to the protein partition coefficient, K;lec, equals 1 at the
pl. The slanted regions in the K, vs. pH curve (3.5<pH<5.0 and 8.0<pH<12.0) correspond
to the pH ranges where lysozyme’s amino acids gain or lose charge. Specifically, these pH
ranges correspond to the pKa’s of the charged amino acids that primarily comprise lysozyme.
Specifically, the pKa’s of aspartic acid and glutamic acid are both 4.4, while the pKa’s of
cysteine, tyrosine, lysine, and arginine are 8.5, 10.0, 10.0, and 12.0, respectively.!?®> On the
other hand, the regions in the K, vs. pH curve where the slope is almost zero (2.0<pH<3.5
and 5.0<pH<8.0) correspond to the pH ranges where the majority of lysozyme’s amino acids
do not change charge. Note that it was not within the scope of this thesis to verify exper-
imentally this predicted variation of the partition coefficient of lysozyme with the solution
pH. Accordingly, an experimental value for the partition coeflicient of lysozyme was only
available (from Chapter 7) at one solution pH value as shown in Figure 8-1.

The predicted variation of the protein partition coefficient with the ionic strength of the
solution, .S, was examined next. This analysis inherently assumes that the ionic strength is
independent of the solution pH, since only independent variables can be manipulated indi-
vidually while the other variables are held constant. Consequently, the ionic strength must
be controlled by adding salts that are different from the buffer salts used to maintain the
solution pH. The concentrations of these salts must therefore be higher than the concentra-
tions of the buffer salts. Note that, contrary to the theoretical analysis presented here, the
buffer salts controlled the ionic strength in Chapter 7. In this analysis, the ionic strength

is assumed to affect solely the inverse Debye-Hiickel screening length, &, in Eq. (7.31) as
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Figure 8-1: The predicted partition coefficient of lysozyme as a function of the solution
pH. All other variables were kept constant at their values from Chapter 7. The white circle
corresponds to the experimentally measured partition coefficient of lysozyme reported in
Chapter 7.

follows: 12
2
= (8me?) (IS) (N avo) (8.2)
1000¢,kgT

where e=4.8029x1071° esu is the electronic charge, €, =78 is the dielectric constant of water,
kp=1.38066x1071® erg/K is the Boltzmann constant, T=298.32K is the absolute tempera-
ture used in Chapter 7, N4,,=6.022x10% is Avogadro’s number, IS is the ionic strength in
molarity units, and x has the units of 1/cm. Note, however, that the ionic strength of the
solution may also have an effect on the coexistence curve of the two-phase aqueous mixed
micellar system, that is, on the ¢; and ¢, values in Eqs. (1.4) and (7.31). The effect of
the ionic strength on the predicted protein partition coefficient is shown in Figure 8-2. The
lower limit on the ionic strength was chosen to be 0.01 M, since there is generally always
some salt present in the solutions. For example, the buffer salts must be present to maintain
the solution pH. The upper limit on the ionic strength was selected to be 0.25 M because
the electrostatic attractions between the net negatively-charged mixed micelles and the net
positively-charged lysozyme were expected to be completely screened by the salt ions at this
concentration. Specifically, k~! (the Debye-Hiickel screening length), which is the length

scale that characterizes the range of the electrostatic interactions, is only 6.1 A for an ionic

178



strength of 0.25 M. Indeed, as indicated by the plateau in Figure 8-2, these electrostatic
attractions are already effectively screened at an ionic strength of about 0.10 M. At an ionic
strength of 0.10 M, the protein partition coefficient is already approaching the excluded-
volume contribution to the protein partition coefflicient, Kf V= 0.87, since the electrostatic
contribution to the protein partition coefficient, K;lec, is very close to 1. As in the case of
varying the solution pH, an experimental value for the partition coeflicient of lysozyme was

only available (from Chapter 7) at one ionic strength value as shown in Figure 8-2.
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Figure 8-2: The predicted partition coefficient of lysozyme as a function of the ionic strength
of the solution. All other variables were maintained constant at their values from Chapter 7.
The white circle corresponds to the experimentally measured partition coefficient of lysozyme
reported in Chapter 7.

The effect on the predicted protein partition coefficient of varying the distance from
the end of a twelve carbon alkyl tail to the negative charge of the anionic surfactant was
also investigated. In this example, the length of the hydrocarbon tail, /., was maintained
constant, while the distance from the end of the hydrocarbon tail to the negative charge,
d.h, was increased. Varying d, gives rise to a change in lgps as indicated in Eq. (8.1). The
minimum and maximum values of d,, were 0 A (lsps = 12 A, the length of the hydrocarbon
tail in a mixed micelle comprised of primarily CoE4) and 9 A (lsps = 21 A, the length of
the nonionic CjoE4 surfactant), respectively. Although the negative charge of the anionic
surfactant can be located beyond the hydrophilic head of the nonionic surfactant, a new

theoretical expression for K, is required in this case (see Section 8.4). Varying d., changes
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K, via the lsps, 01, and o, terms in Eq. (7.31). The surface charge density of every micelle
in each phase «, o0,, is affected by changes in [gps because g, was shown to be a function of

lsps in Appendix H. The key expression is repeated below for clarity:

2
ySDS,a zSDS € lc’a

— 8.3
2lSDS,a [(1 - ysps,a) Vtail, CroEa T ySDS,aUtail,SDS] ( )

Oqa

where ysps, is the micelle composition (molar ratio of anionic surfactant to total surfac-
tant in each micelle) in phase «, zspg is the valence of SDS (-1), l., is the length of the
hydrocarbon tail of each surfactant in the mixed micelle (the radius of the cylindrical, hy-
drophobic core), lsps,e is the length of the anionic surfactant in phase «, Vi ¢,z 1S the
volume of the hydrophobic tail of the CiyE, surfactant molecule, and v,,,sps is the volume
of the hydrophobic tail of the SDS surfactant molecule. Note that the subscript n denoting
the micelle aggregation number was omitted because, as discussed in Chapter 7 and Ap-
pendix H, the values of 04, lcq, lspsa, and yYsps, are constant for all the micelles in phase
a, regardless of their aggregation number. The predicted variation of the protein partition
coefficient with d.; is shown in Figure 8-3. As in the case of varying the solution pH and
the ionic strength, an experimental value for the partition coeflicient of lysozyme was only
available (from Chapter 7) at one d., value as shown in Figure 8-3.

Although the protein partition coefficient was predicted to increase with an increase in d,
(see Figure 8-3), this finding is not so obvious because of the existence of two opposing effects.
One effect acts to decrease the protein partition coefficient by weakening the electrostatic
attractions between the net negatively-charged mixed micelles and the net positively-charged
lysozyme. The electrostatic attractions are weakened because there is a decrease in the
surface charge density (charge/area) of the mixed micelles. The surface charge density
decreases because an increase in the length of the anionic surfactant increases the surface
area of the cylindrical surface of charge. Specifically, the surface area of a cylinder, neglecting
end effects, is directly proportional to the radius of the charged cylinder, which is given by
the length of the anionic surfactant. Consequently, for a fixed charge, the surface charge
density decreases with an increase in the length of the anionic surfactant (see Eq. (8.3)).
A decrease in the surface charge density, in turn, is expected to decrease the strength of
the electrostatic interactions because it reduces the magnitude of the electrostatic potential
generated by the charged micelle. The relation between the surface charge density and the

electrostatic potential has been described mathematically in Eq. (7.22) of Chapter 7, and is
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Figure 8-3: The predicted partition coefficient of lysozyme as a function of d;, the distance
from the end of the hydrocarbon tail to the negative charge of the anionic surfactant. All
other variables were maintained constant at their values from Chapter 7. The white circle
corresponds to the experimentally measured partition coefficient of lysozyme reported in

Chapter 7.
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repeated below for clarity:
4o Ko(kr)

Yeyilr) = rewE (RRog) (7.22)

where 9,,(r) is the electrostatic potential at a radial distance, r (in the cgs system of units),
o is the surface charge density of the cylinder, and R,y is the radius of the cylinder. Note
that the effect of decreasing the surface charge density is also captured in Eq. (7.31), since
decreasing o; will decrease the protein partition coefficient. Although o, in Eq. (7.31) will
also be reduced, the o,¢, term is usually negligible since ¢, has been found experimentally
to be close to zero in typical micelle-poor phases.

On the other hand, there is an opposing effect that acts to increase the protein partition
coefficient by increasing the electrostatic attractions between the net negatively-charged
mixed micelles and the net positively-charged lysozyme. The electrostatic attractions are
increased by bringing the negative charge of the anionic surfactant closer to lysozyme as
shown in Figure 8-4. Since the electrostatic potential associated with the charged mixed
micelle decays with the radial distance, r (see Eq. (7.22)), increasing the length of the anionic
surfactant increases the magnitude of the electrostatic potential that is felt by the protein.
This effect is also captured mathematically in Eq. (7.31), since increasing lgps increases
the argument of the exponential in Eq. (7.31) by decreasing K;(xlsps). Our theory, which
captures both competing effects, predicts that increasing the length of the anionic surfactant
results in an overall increase in the strength of the electrostatic attractions between the mixed
micelles and lysozyme (see Figure 8-3). Consequently, bringing the negative charge of the
anionic surfactant closer to the protein is predicted to have a bigger electrostatic effect than
decreasing the surface charge density.

Although the protein partition coefficient is also influenced by the surfactant volume
fraction in each phase (¢; and ¢,) and the micelle composition (the molar ratio of anionic
surfactant to total surfactant in each mixed micelle) in each phase (ysps, and yspss), these
variables are not independent of each other. Only one of these variables is independent for a
given temperature, since fixing one of the variables automatically fixes the other three by the
operating tie line. It should be noted that we have assumed that the micelle composition is
approximately equal to the solution composition (the molar ratio of total anionic surfactant
to total surfactant in a particular phase), which is a good approximation for the conditions
encountered in most partitioning experiments.!%!14 Before predicting the effect of one of
these variables on the protein partition coefficient, the relationships between all four variables
must be determined by experimentally identifying many operating tie lines. Due to the

significant time investment associated with identifying operating tie lines in multi-component
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Figure 8-4: Schematic representation of a portion of a cylindrical mixed micelle where a
nonionic surfactant is mixed with an anionic surfactant that has: (a) a smaller d.;, and (b)
a larger d.,. The length of the hydrocarbon tail was maintained constant. Recall that the
nonionic surfactant comprises the majority of each mixed micelle.

phase diagrams, this analysis was not within the scope of this thesis.

8.3 Conducting a Theoretical 23 Factorial Design and Generating

a Response Surface

In some cases, the scientist or engineer is not restricted to varying only a single variable
at a time, and many variables may instead be manipulated simultaneously for the purpose
of optimizing the protein partition coefficient. In that case, it is desirable to identify any
interactions, or coupled effects, among the various variables, since strongly interacting vari-
ables cannot be considered independently when designing operating conditions. In the case
of protein partitioning, the variables are said to interact when their individual average, or
main, effects on the protein partition coefficient are not simply additive. After identifying
the variables that interact strongly with each other, a more thorough investigation of their
combined effect on K), can be conducted.’® For example, if two variables are found to have

a very strong coupled effect, a response surface may be generated for the protein partition
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coefficient as a function of these two variables. This response surface can then be used to
identify the optimum operating conditions.

In order to determine any interactions among the previously discussed variables of pH,
ionic strength (1S), and distance from the end of the hydrocarbon tail to the negative charge
of the anionic surfactant (d.;), a theoretical 2® factorial design was conducted using the
analytical results for the protein partition coefficient given in Eqgs. (1.4), (7.14), and (7.31).
Since the theory was used to conduct the 23 factorial design, not even a single experiment was
performed. A 23 factorial design corresponds to a total of 23 = 8 experiments (or predictions
in our case), where all 8 possible combinations of 3 variables having 2 possible conditions or
levels (high or low) are investigated. The high and low conditions for the three variables are
listed in Table 8-2.

Table 8-2: Low (-) and high (+) conditions for the three variables examined in the 23
factorial design of the protein partition coefficient, K,. The three variables are: the solution
pH (pH), the ionic strength of the solution (IS), and the distance from the end of the
hydrocarbon tail to the negative charge of the anionic surfactant (dc).

Variable | Low (-) Condition | High (+) Condition

pH 2 12
IS 0.01 mol/L 0.25 mol/L
dch 0 A 9 A

The results of the theoretical 23 factorial design are shown in Table 8-3. Yates’s algorithm
was used to analyze the results to estimate any coupled effects among the variables. Individ-
ual average, or main, effects of the variables were also estimated with the algorithm.'*® Each
individual main effect corresponds to the average change in the protein partition coefficient
as a particular variable is increased from its low to high condition for fixed values of the
other variables. An example calculation is shown in Table 8-4 for estimating the main effect
of pH on the protein partition coefficient. As shown in Table 8-4, the change in the protein
partition coefficient as the pH was increased from 2 to 12 was evaluated for fixed values of
IS and d,;. Since there are four possible combinations of IS and [l,,, this change in the
protein partition coefficient was evaluated for the four different cases and averaged. When
the pH was increased from 2 to 12, the average change in the protein partition coefficient
was estimated to be -12.41 (see Table 8-4).

With regard to estimating the interactions between two variables, or the two-factor in-

teractions, an example calculation is shown in Table 8-5. In this example, the two-factor
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Table 8-3: Theoretically predicted protein partition coefficients for lysozyme under the
1 conditions that were specified in a 23 factorial design. The low (-) and high (+) values for
each of the three variables examined (pH, I.S, and d.,) are shown in Table 8-2.

pH | IS |ds | K,
- | - | - | 17.98
| + | - | - | 007
| -+ | - | 091
+ |+ | -] 085
- | - |+ | 3147
+ | - | + ] 005
- |+ | + | L01
+ |+ | + ] 078

Table 8-4: Example calculation of the main effect of pH on K,. The main effect was
evaluated from the average change in K, when pH was changed from its low (-) condition of
2 to its high (+) condition of 12 for the four possible combinations of IS and d.,. The K,
values used in the calculation were obtained from Table 8-3.

IS dch K, (high pH) - K, (low pH)
- - 0.07-17.98 = -17.91
+ - 0.85 - 0.91 = -0.06
- + 0.05 - 31.47 = -31.42
+ + 0.78 - 1.01 = -0.23
Average -12.41
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interaction, or coupled effect, between pH and ionic strength was evaluated. First, the av-
erage effect of pH on the protein partition coefficient was estimated for the low condition of
IS. Specifically, while holding IS at the value of 0.01 M, the change in the protein partition
coefficient as the pH was increased from 2 to 12 was evaluated for each value of d., and
then averaged. Subsequently, the average effect of pH on the protein partition coefficient was
similarly estimated for the high condition of IS. The difference between these two average
effects were then taken and divided by two, where the factor of two arises from convention.
The estimated coupled effect of pH and IS on the protein partition coefficient was evaluated
to be 12.26 (see Table 8-5). It should be noted, that if two variables were not interacting,
the average effect of the first variable on the protein partition coefficient would be the same
regardless of the value of the second variable. Accordingly, a value of zero would be esti-
mated for such a coupled effect. The estimation of interactions between three variables, or
three-factor interactions, was calculated following an approach similar to the one used for

the two-factor interactions.

Table 8-5: Example calculation of the effect on K, of the two-factor interaction between
pH and IS. The effect of the two-factor interaction was obtained from one-half of the
difference between: (i) the average change in K, predicted when pH was increased from its
low condition to its high condition at low I.S, and (ii) the average change in K, predicted
when pH was increased from its low condition to its high condition at high 1.5, for each value
of dcy,. The K, values used in the calculation were obtained from Table 8-3.

Average Effect of pH on K, at Low IS

deh K, (high pH) - K, (low pH)
- 0.07 - 17.98 = -17.91
+ 0.05 - 31.47 = -31.42
Average -24.67

Average Effect of pH on K, at High IS

d.n K, (high pH) - K, (low pH)
- 0.85 - 0.91 = -0.06
+ 0.78 - 1.01 = -0.23
Average -0.15
Estimated Coupled Effect |  x [-0.15 — (—24.67)] = 12.26
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Table 8-6 summarizes the main and interactive effects of pH, IS, and d,;, on the protein
partition coefficient. Since the theory was used in this statistical factorial design, the stan-
dard error for the estimates of the main and interactive effects was approximated based on
the experimental protein partitioning data presented in Chapter 7. The standard error was
estimated to be 0.14, and a main or interactive effect is considered to be significant only if its
absolute value is larger than the standard error. If the magnitude of the main or interactive
effect is less than the standard error, the effect is considered negligible and within the exper-
imental error. As indicated in Table 8-6, all the main and interactive effects were significant
in this 2® factorial design. However, the main effects of pH and IS, as well as their coupled
effect, were the largest. Due to the strong interaction between pH and IS, they must be
considered simultaneously, since their individual main effects are not additive. Specifically,
the change in the protein partition coefficient when the pH is changed will depend on the
value of the ionic strength. This highly coupled effect between pH and IS can be visualized
graphically as shown in Figures 8-5 and 8-6.

Table 8-6: Estimates of the individual main effects and the interactive effects between the
three variables, pH, IS, and d., for the 23 factorial design on the protein partition coefficient,
K,. The standard error for the estimates of the main and interactive effects was 0.14.

Variable(s) ]5)1;'2:;??)1: I(;.i

Main Effects

pH -12.41

15 -11.51

den 3.37
Two-Factor Interactions

pH x IS 12.26

pH x de -3.42

IS x dg -3.36
Three-Factor Interactions

pH x IS X dgp 3.34

In Figure 8-5, d,j, is maintained at its low condition. With this value for d,, the predicted
protein partition coefficients at the four different possible combinations of pH and IS were
plotted. As indicated in Figure 8-5, the change in the protein partition coefficient as .S is

increased from the low to the high condition depends on the pH condition. Specifically, a
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Figure 8-5: The effect on K, of the two-factor interaction between pH and IS at the low
d., condition. The black and white squares correspond to the protein partition coefficients
that were predicted for the four different combinations of pH, IS, and d.,. The black and
white squares represent the low and the high I.S conditions, respectively.

35 1
30 -
25 -
20
15

10

LENLIN B I N L B N IO N O LN LB L N B L

Low pH High pH

Figure 8-6: The effect on K, of the two-factor interaction between pH and IS at the high
d., condition. The black and white squares correspond to the protein partition coefficients
that were predicted for the four different combinations of pH, IS, and d.,. The black and
white squares represent the low and the high I.S conditions, respectively.
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large decrease is predicted in the protein partition coefficient at the low pH condition, while
a very small increase is predicted at the high pH condition. The predicted reversal can be
understood by recalling that an increase in IS decreases the electrostatic interactions between
the mixed micelles and lysozyme. Accordingly, at low pH, where lysozyme is net positively-
charged, increasing IS prevents lysozyme from being electrostatically attracted into the top,
micelle-rich phase, and lysozyme partitions based on excluded-volume interactions alone.
On the other hand, at high pH, where lysozyme is net negatively-charged, increasing IS
prevents lysozyme from being electrostatically repelled into the bottom, micelle-poor phase.
Consequently, the protein partition coefficient slightly increases as I.S increases at high pH.
Similar trends were predicted at the high d., condition as shown in Figure 8-6. As indicated
in Table 8-6, the three-factor interaction between pH, I.S, and d., was also significant when
compared to the standard error. This three-factor interaction can also be visualized by
comparing the change in the protein partition coefficient at the low pH condition between
Figures 8-5 and 8-6. Specifically, the increase in the protein partition coefficient as I.S is
decreased is much larger for the high d., condition (31.47 - 1.01 = 30.46) than the low d
condition (17.98 - 0.91 = 17.07). This is a result of the electrostatic interactions being greater
when d, is larger as discussed earlier.

Based on the 23 factorial design, the solution pH and the ionic strength are two very
important variables to consider when optimizing the protein partition coefficient. A theoret-
ical response surface was therefore generated for the predicted lysozyme partition coefficient
as a function of these two variables as shown in Figure 8-7. The value of d.;, on the other
hand, was maintained constant at 3.7 A. As indicated in F igure 8-7, the optimum condi-
tion (highest K,) corresponds to using the lowest possible solution pH and ionic strength.
This is physically intuitive, because decreasing the pH will increase the net positive charge
of lysozyme, while decreasing the ionic strength will decrease the number of ions that can
screen the electrostatic attractions between the net positively-charged lysozyme and the net
negatively-charged mixed micelles. Also, note that the response surface captures the trend
of decreasing K,, or increasing electrostatic repulsions between the net negatively-charged
lysozyme and the net negatively-charged mixed micelles, as the ionic strength is decreased
at high pH values. In addition, at the pH equal to the theoretical pI of 9.0, where lysozyme

has no net charge, K, is a constant at Kf V' = 0.875 for all the ionic strength values.
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Figure 8-7: The theoretical response surface for the predicted partition coefficient ol
lysozyme as a function of the solution pH and ionic strength. The gray circles correspond
to the partition coefficients that were predicted using the theory developed in Chapter 7.
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8.4 Examining the Effect of Using an Anionic Surfactant Having
its Negative Charge Located Beyond the Hydrophilic Head of

the Nonionic Surfactant

In Section 8.2, increasing d., was predicted to increase the protein partition coefficient.
Accordingly, in this section, the effect of using an anionic surfactant having its negative
charge positioned beyond the hydrophilic head of the nonionic surfactant was examined the-
oretically. The analogous situation is sometimes observed in ion-exchange chromatography
when the spacer arm is extended to place the charge further out into the solution. This
allows the protein and the charge on the column to come in closer contact with less steric
hindrance. A similar scenario can be achieved in two-phase aqueous mixed micellar systems
by increasing d; to larger values. Increasing the length of the hydrocarbon tail, on the other
hand, will not place the charge further out into the solution because the tail will remain as
part of the hydrophobic core of the micelle. An interesting example of an anionic surfactant
that has a fairly large d.s value is sodium dodecyl hexa(ethylene oxide) sulfate (SDE¢S). As
shown in Figure 8-8, the difference between the hydrophilic head of SDE¢S and that of SDS
results from the presence of six ethylene oxide units between the hydrophobic tail (which is

the same for both surfactants) and the sulfate group.

SDEBS: CHg—(CHg)11—(OCHQCH2)6—OSO§ Na+
SDS: CHg—(CHz)H“OSOg Na+

Figure 8-8: The chemical formulas of sodium dodecyl hexa(ethylene oxide) sulfate (SDE¢S)
and sodium dodecyl sulfate (SDS).

To analyze the use of an anionic surfactant such as SDEgS, a new theoretical expression
must be derived for the electrostatic contribution to the protein partition coefficient. Specif-
ically, the lower limit of integration in Eq. (7.21) of Chapter 7 would change from R (the
length of a CyoE4 molecule in each micelle) to lspgs (the length of a SDEgS molecule in

each micelle) because lgpg,s is greater than Ry. This change is shown below:

vee = Y 7 (N [unpa ()] [Cpa2r Lo, ] (5.4
na=n’ lspEgs
cyl,a

where U,f‘”’elec is the electrostatic contribution to the excess internal energy, N, is the

number of micelles of aggregation number n in phase «, r is the radial distance from the
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cylindrical micelle axis of symmetry, unp o(r) is the interaction potential between a micelle of
aggregation number n and a protein in phase @, Cp 4 is the number density (molecules/mL)
of protein in phase «, L, is the length of a micelle of aggregation number n in phase «, and
Moyl is the aggregation number of the smallest cylindrical micelle in phase . Changing
this lower limit of integration increases the strength of the electrostatic interactions because
the protein can now approach the sulfate charge in the solution, where the magnitude of
the electrostatic potential of the mixed (C;9E4/SDEgS) micelle is the highest. On the other
hand, in the CyoE4-SDS-buffer system, the sulfate charge is buried between the ethylene
oxide units of the C;E4 molecules, since lsps (the length of a SDS molecule in each micelle)
is smaller than Ry. Therefore, a radial distance of (Ry — lsps) is inaccessible to the protein,
and this reduces the electrostatic interactions, since this corresponds to the region where the
magnitude of the electrostatic potential of the mixed (Ci9E4/SDS) micelle is the highest.
Using Eq. (8.4) and following the derivation in Chapter 7, the electrostatic contribution to
the protein partition coefficient in the C;oE4-SDEgS-buffer system can be shown to be given

by the following expression:

K:,lglc)EGS = exp —ZTZ)}%;?;GS (o1de — Tuhp) (8.5)
In contrast to Eq. (7.31), the modified Bessel functions of the second kind of order 1, K,
cancel in Eq. (8.5) because the lower limit of integration in Eq. (8.4) is the same as the
radius of the surface of charge, lspg,s-

In addition to bringing the protein and the sulfate charge closer together, there is also a
competing effect associated with increasing the length of the anionic surfactant as discussed
in Section 8.2. For a fixed charge, the surface charge density decreases with a change in the
anionic surfactant from SDS to SDEgS, since there is an inverse dependence of the surface
charge density on the length of the anionic surfactant. For the C;oE4-SDEgS-buffer system,
the derivation of the surface charge density of every micelle in phase «, 0spg,s., 15 the same
as the one presented in Appendix H with the exception of replacing “SDS” with “SDEgS”

in the subscripts. Therefore, ospg,s. 1S given by:

2
o _ YspEesaZSDEsS € lgqo (8.6)
SDEg S, — .
2lSDE§S,a [(1 - ySDEss,a) Viail,CroBs T ySDEGS,aUm.I,SDEss]

where zspg,s is the valence of a SDEgS molecule, [, is the radius of the hydrophobic core of

each cylindrical micelle in phase o, lspg,s,o is the length of a SDEgS molecule in each micelle
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in phase @, V4,0,,5, 15 the volume of the hydrophobic tail of C;oE4 in any micelle, v, spg, s
is the volume of the hydrophobic tail of SDE¢S in any micelle, and ysps,s. is the micelle
composition (molar ratio of SDEgS to the total surfactant in every micelle). Combining

Egs. (8.5) and (8.6) removes the dependence of K ;}gg% s on lspgss as shown below:

! * *
Kzigl%EGS = exp [m (USDEGS,t¢t - USDEGS,b¢b)] (8.7)

where )
* . ySDESS,aZSDEGS € lc,a
OspEgs,a —

(8.8)

2 [(1 - ysoEﬁs,a) Vtait,C1o B4 T ySDEeS,avtail,SDEeS]

The theory therefore predicts that the electrostatic attractions between the mixed micelles
and lysozyme should remain constant as the negative charge of the anionic surfactant is
positioned beyond the hydrophilic head of the nonionic surfactant. This prediction, which
can be tested experimentally in the future, results from not allowing the protein and the
buffer salt ions to access the region corresponding to the radial distance, (Ispg,s - Rp), in the
theory. In fact, Egs. (8.7) and (8.8) correspond to the maximum protein partition coefficient
predicted by Egs. (7.31) and (H.4) in Section 8.2. Specifically, when the length of the anionic
surfactant, lspg, is set equal to the length of the nonionic surfactant, Ry, in Egs. (7.31) and
Eq. (H.4), Eqs. (8.7) and (8.8) are obtained with yspsa, Zsps, and vy, sps in place of Yspp,sa,
25DBs sy AN Vi sprys. (Note that zsps=zspgss and Vi, sps= Vsaispi, s Decause both surfactants
have a valence of -1 and the same hydrocarbon tail, respectively.) Consequently, from a
design perspective, the anionic surfactant should be at least equal in length to the nonionic
surfactant.

In addition, since lspg,s > Ro > lsps, the theory predicts that a stronger electrostatic
effect will be observed with SDEgS than with SDS for the same micelle composition in
each phase (Yspg,s0 = Yspsa). 1O test this prediction, proteins must be partitioned in the
two systems at conditions where the total molar concentrations of CioE4 and the anionic
surfactant in the top and bottom phases of one system are equal to those in the top and
bottom phases of the other system, respectively. This will guarantee that the surfactant
volume fractions (¢; and ¢) are the same between the two systems. This will also ensure
that the micelle compositions in the top and bottom phases of one system are approximately
equal to those in the top and bottom phases of the other system, respectively, since the
micelle composition in each phase is approximately equal to the solution composition in each
phase. However, identifying the conditions to perform these protein partitioning experiments

requires a significant amount of time. In particular, the coexistence curves of both systems
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must first be mapped out at several temperatures, and many operating tie lines must be
located on each coexistence curve. Two tie lines, one for each system, must then be identified,
where the concentrations of C1gE,4 and the anionic surfactant in the top and bottom phases
of one system are the same as those in the other system. Finally, after identifying these two
operating tie lines, proteins can be partitioned. Due to the large investment in time, the
initial weight percent (wt%) concentrations of Cy9E4 and the anionic surfactant were instead
maintained constant in the experimental study conducted in Chapter 9. The rationale behind
this decision was a practical one, since the mass of material required in a unit operation is
one of the variables that are considered in industry prior to selecting a system. However, the
experiments described above may be conducted in the future to unequivocally demonstrate
which anionic surfactant is more effective in generating electrostatic interactions in two-phase

aqueous mixed (CjoE4/anionic) micellar systems.

8.4.1 Investigating Two-Phase Aqueous Zwitterionic Micellar Systems

Aqueous solutions of some zwitterionic surfactants can also phase separate upon changing
the temperature. An interesting example is dioctanoyl phosphatidylcholine, or Cg-lecithin,

which has the chemical formula shown in Figure 8-9.

..+.
CH;—(CH,)g— C-0O-CH~-CH,~O - I'°|— O - CH,— CH,— IIJ — CH,
O CHj

0]
Figure 8-9: The chemical formula of dioctanoyl phosphatidylcholine (Cs-lecithin). The
negative charge is on the phosphate group, while the positive charge is on the amino group.

Accordingly, the positive charge is located further from the ends of the two hydrophobic tails
than the negative charge.

The two-phase aqueous Cg-lecithin micellar system also has the attractive feature of ex-
hibiting an upper critical point (see Figure 8-10). Therefore, unlike the two-phase aqueous
C1oE4 micellar system, this system phase separates as the temperature is decreased. Con-
sequently, low temperatures are accessible, which is desirable because proteins generally are
more stable at about 4°C. The phase separation behavior of aqueous Cg-lecithin solutions

can be explained by analyzing the following equation:

G=H-TS (8.9)
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where G, H, and S are the Gibbs free energy, enthalpy, and entropy of the solution, respec-
tively. The enthalpic contribution in Eq. (8.9) provides the driving force for the system to
phase separate, while the entropic contribution tries to maintain a single phase solution. As
the temperature decreases, the entropic contribution in Eq. (8.9) decreases. Eventually, the
temperature becomes low enough that the enthalpic contribution dominates Eq. (8.9), and
the system phase separates. It should also be noted that, in comparison to the two-phase
aqueous CipE4 micellar system, the locations of the micelle-rich and micelle-poor phases are
reversed. Specifically, the top phase is micelle-poor, while the bottom phase is micelle-rich
in the two-phase aqueous Cg-lecithin micellar system. However, the micelles in the Cs-

lecithin-buffer two-phase system are cylindrical just like those in the C,oE-buffer two-phase

system. 4344
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Figure 8-10: Previously measured coexistence curve of the two-phase aqueous Cg-lecithin
micellar system.”™ The error bars correspond to 95% confidence limits for the measurements.

The partitioning behavior of water-soluble proteins in the two phase aqueous Cg-lecithin
micellar system was also previously rationalized as being primarily driven by steric, excluded-
volume interactions between the micelles and the proteins.”®"? This result was not surprising
because, although Cg-lecithin is zwitterionic, it has no net charge. Accordingly, following
the work on the two-phase aqueous mixed (CioE4/anionic) micellar systems, it was both
logical and interesting to theoretically investigate the partitioning behavior of water-soluble

proteins in two-phase aqueous mixed (Cs-lecithin/anionic) micellar systems. In this theoret-
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ical development, the anionic surfactant will be chosen to have a negative charge positioned
between the positive and negative charges of the Cs-lecithin molecule. An example of such
an anionic surfactant is sodium dodecyl ethylene oxide sulfate, SDE;S, where one ethylene
oxide unit is present between the twelve carbon alkyl tail and the charged sulfate group.
The mixed micelles in such a system will be modeled as three concentric charged cylinders,
corresponding to the positive and negative charges of Cg-lecithin and the negative charge
of the anionic surfactant, as shown in Figufe 8-11. Since the surfactant molecules are con-
tinuously moving in and out of the micelles, the three cylinders will be modeled as having
a uniform distribution of charge on their surfaces, which represent time-averaged surface
charge densities. As discussed in Chapter 7, an expression for the electrostatic potential in
the region where the proteins are present is required to derive an expression for the elec-
trostatic contribution to the protein partition coefficient. As shown in Figure 8-11, this
electrostatic potential is denoted as t,, for the mixed (Cg-lecithin/anionic) micelle. Note,
however, that the derivation presented here can be easily extended to other configurations
(for example, where the negative charge of the anionic surfactant is positioned beyond the
positive charge of Cg-lecithin). Although detailed derivations for the other configurations
will not be presented, the final analytical results will be presented and compared at the end
of this section to determine the most favorable configuration for protein partitioning. (In
addition, note that modeling the Cg-lecithin micelle in the absence of any ionic surfactant
as two concentric charged cylinders yields the same result as treating the micelle as a non-
charged entity. Based on Gauss’s law, the electrostatic potential outside of the Cg-lecithin
micelle is constant because the micelle has no net charge.)

As a first approximation in the derivation of the expression for ¢, salt ions will be
assumed to be absent from Regions I, II, and III (see Figure 8-11). Accordingly, Laplace’s
equation applies for the electrostatic potentials in these three regions devoid of ions. Specif-

ically,!2¢

Vi =0 (8.10)

where 1, represents 1;, ¥y, or v,;. With regard to Region IV, there are buffer salt ions

present, and therefore, Poisson’s equation in dielectric media (in the cgs system of units)
applies:126:127
4dmp

Vi, = — (8.11)

€rv

where €,, is the dielectric constant of Region IV, and p is the charge density due to the ions
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Figure 8-11: In (a), a portion of the cylindrical mixed (Cg-lecithin/anionic) micelle is
schematically represented, where the micelle is comprised primarily of the zwitterionic Cg-
lecithin surfactant. In (b), the three concentric charged cylinders used to model the mixed
micelle are shown. The radii 7, 7mi4, and 7,y correspond to the positions of the negative
charge of Cg-lecithin, the negative charge of the anionic surfactant (for example, SDE;S),
and the positive charge of Cg-lecithin, respectively. In addition, v,, ¥, ¥,;, and v, denote
the electrostatic potentials in Regions I, II, III, and IV, respectively.
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that come from the buffer salt. Accordingly, p is given by:
p= Z n;z;e (8.12)

where i is a buffer salt ion (Nat or HPO;?), n; is the number density of ion ¢ positioned at
a radial distance r away from the cylindrical micelle axis of symmetry, and z; is the valence
of ion 7. Accordingly, p is the time-averaged charge density at any radial position, where the
buffer salt ions are being modeled as a continuous distribution of charge. This is a reasonable
approximation since the buffer salt ions are mobile.'?® Assuming a Boltzmann distribution

for the ions yields the following expression for n;:

n; = Oz exp <_;ie;{)1v) (813)
B

where C; denotes the bulk concentration of each ion ¢. Combining Egs. (8.11), (8.12), and

(8.13) yields the well-known Poisson-Boltzmann equation:**

4 —zie,y,
2 —_ —— - .
Ve, = - % C’,z,eexp( T ) (8.14)

Since the Debye-Hiickel approximation to the Poisson-Boltzmann equation was shown to be

reasonable in Chapter 7, it will again be used as follows:

—zieYy zievy
~1— —— 1
exp ( kT ) kT (8.15)
Substituting Eq. (8.15) into Eq. (8.14) yields:
2620,
V2¢1V: _ﬁ [ZC@de—ZZle Cﬂplv (8_16)
v L i kBT

Since 3; C;z;e = 0 by electroneutrality, Eq. (8.16) simplifies to:

V2'§[)IV = K'2¢'IV (8.17)
where )
4re? K
= Y 1
K L,kaT Z C,z,] (8.18)

is the inverse Debye-Hiickel screening length.
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Equations (8.10) and (8.17) can be simplified by writing an explicit expression for V2.

In cylindrical coordinates,

10 ( azp) N 10%) 0% (8.19)

2 — _r T T
VY= 5 \"a ) T rae t oz

Since the micelles are infinitely-long cylinders, there is no variation of v in the 6 and z

directions. Therefore, Eq. (8.19) simplifies to:

Vi = 1d ( @) (8.20)

rdr Tdr

Substituting Eq. (8.20) into Eq. (8.10) yields the following equations for v, in Regions I, II,
and III:

1d [ dpn)
rdr <d—> =0 (821
Solving Eq. (8.21) yields:
Ym = AmInr + By, (8.22)

where A,, and B,, are integration constants. Accordingly, the electrostatic potentials in

Regions I, I, and III are given by the following three expressions:

Y= A,+ B/Inr (8.23)
Yu=Ay+ Bylnr (8.24)
Yy = A+ By lnr (8.25)

With regard to Region IV, combining Egs. (8.17) and (8.20) yields:

1d <rd'€/)1v) = K2, (8.26)

rdr dr

Defining a new variable z as z = kr, Eq. (8.26) can be rewritten as follows:

2
= ddfév + xdgv — 2%y =0 (8.27)

Equation (8.27) is a modified Bessel equation of order 0. The solution to Eq. (8.27) is given
by:
Yy = Al (l‘) + B,yKy (33) (8.28)
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or
Y = Ay (’57") + BK (/ﬂ') (8.29)

where Iy and K are the modified Bessel functions of the first and second kind, respectively,
of order 0.

Equations (8.23), (8.24), (8.25), and (8.29) have eight unknowns (A,~A,, and B~B,,).
To find these, eight boundary conditions are required. One of the boundary conditions is
derived by applying Gauss’s law in a dielectric media to Region IV when r — co. According
to Gauss’s law, the electrostatic potential is a constant in this electroneutral bulk region.

This constant was set equal to zero to yield the first boundary condition given by:
)Hglo Yy =0 (8'30)

The electrostatic potential must also be continuous across the boundaries separating the

different regions,'?® and this is captured in the following three boundary conditions:

d}llr:ri_n = wll'r:r; (8.31)
¢H|r=r;id = wml":":ﬁd (8.32)
wlfflr:r;ut = wfV;r:rjut (8.33)

where 7Tin, Tmia, and 7,y are indicated in Figure 8-11, and correspond to the radii of the
inner, middle, and outer charged cylinders.

The four remaining boundary conditions, which are derived in detail in Appendix I, are

given by:
dy,
— =0, for0<r<ry (8.34)
dr
d d
e,,( ;ff’) G (%-’) = —4noy, (8.35)
d d
€11 (%) T:T+.d — € (%) - = —47T0'mid (836)
d n
CIV (d:f;v) . - 6”1 ( ;/}7{”) ~ = 471'0’,": (837)

where 04, and 0,4 are the surface charge densities of the inner and middle charged cylinders,
respectively. They are therefore the surface charge densities that correspond to the location

of the negative charges of Cg-lecithin and the anionic surfactant, respectively. Applying
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the eight boundary conditions to Egs. (8.23), (8.24), (8.25), and (8.29), yields the following

relation for v,:
47O midT mid

1/):v = Ko (/W') (8.38)

leﬁroutKI (Krout)

Equation (8.38) can be substituted into the derivation from Chapter 7 to yield:

—8m2permid

K;lec = exp [ (Umid,t¢t - om:d,b¢b)] (8.39)

HzfzvrguthT
where 00+ and Opmiq,p are the surface charge densities of the cylinders defined by the position
of the negative charge of the anionic surfactant in the micelles in the top and bottom phases,

respectively. Equation (8.39) can also be rewritten as follows:

—8mzpelan

Kelec —
p TP ln%wR%kBT

(Uan,t¢t - aan,b¢b)] (8.40)
since the dielectric constant in Region IV (e,,) is that of water (e,), rmia corresponds to
the length of the anionic surfactant (l,,), 7,4 is approximately equal to the entire length of

70,72 and the surface

Csg-lecithin, which is approximately equal to the length of CioE4 (Rp),
charge densities of the middle cylinder in the top and bottom phases (0mig: and omigp) are
the surface charge densities due to the anionic surfactant in the mixed micelles present in
the top and bottom phases (o,,, and 0,,,). As in the case of Eq. (8.5), the modified Bessel
functions of the second kind of order 1, K, cancel in the derivation of Eq. (8.40). In fact,
Eq. (8.40) is equal to Eq. (8.5), which is the expression derived for the C;oE;-SDEgS-buffer
system. The same expression is obtained, even though Eq. (8.40) was derived for l,, < Ry,
because the salt ions were assumed to be absent from Regions I, II, and III of Figure 8-11.
Accordingly, the electrostatic potential of the middle charged cylinder due to the anionic
surfactant is not screened by the salt ions until Region IV.

In addition, as in the case of the C;gE4-SDEgS-buffer system, the dependence of K;lec
on l,, can be removed by considering the expression for the surface charge density of the
cylinder corresponding to the anionic surfactant in the mixed micelle in phase ¢, 0,,,. The
derivation of o,,, is the same as the one presented in Appendix H with the exception of
replacing “SDS” with “an”, and replacing “CioE4” with “Cg-lecithin”, in the subscripts.

Therefore, o,,, is given by:

2
yan,azan € lc)a

Tune = (8.41)
' 2lan,a [(1 - yan,a) vtatl,Cg-lecithin + yan,avtail,an]
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where z,, is the valence of the anionic surfactant, [., is the radius of the hydrophobic core
of each cylindrical micelle in phase ¢, {4, is the length of the anionic surfactant in each
micelle in phase @, V. c,.tecimn 15 the volume of the hydrophobic tail of Cg-lecithin in any
micelle, v,,;., i the volume of the hydrophobic tail of the anionic surfactant in any micelle,
and v,,. is the micelle composition (molar ratio of anionic surfactant to total surfactant in
every micelle). Combining Egs. (8.40) and (8.41) yields:

lec —8mz, e . .
K; e exp [m (aan,t¢t ad Uan,b¢b)l (842)
where 9
0‘* — yan,azan € lc’a (8 43)

an,a

2 {(1 - yun,a) Vtait, Cg -lecithin T+ yan,avtail,cm]
The theory therefore predicts that the electrostatic attractions between the mixed micelles
and lysozyme should remain constant as the negative charge is positioned anywhere between
the two charges of Cg-lecithin.

In addition, two other configurations were considered theoretically as shown in Figure 8-
12. In one configuration, the negative charge of the anionic surfactant (for example, SDS) is
positioned before the negative charge of the Cg-lecithin molecule (see Figure 8-12a), while in
the other configuration, the negative charge of the anionic surfactant (for example, SDEgS)
is positioned after the positive charge of the Cg-lecithin molecule (see Figure 8-12b). Al-
though the detailed derivations will not be presented here, the exact same expressions as
those in Eqgs. (8.42) and (8.43) were derived for these two configurations. Since there is no
dependence on I, , in Egs. (8.42) and (8.43), the theory predicts that, for the same micelle
composition, the electrostatic attractions between the mixed micelles and lysozyme should
remain constant wherever the negative charge of the anionic surfactant is positioned. For the
configuration shown schematically in Figure 8-12a, this results from assuming that the salt
ions are absent from the entire region corresponding to the cylinder of radius Ey. Accord-
ingly, the electrostatic potential of the inner charged cylinder due to the anionic surfactant
is not screened by the salt ions until 7 > Ry. On the other hand, for the configuration shown
schematically in Figure 8-12b, the same electrostatic attractions are predicted because the
theory does not allow the protein and the buffer salt ions to access the region corresponding
to the radial distance, (l4, - Ro). In the future, experiments can be performed with the
anionic surfactants SDS, SDE;S, and SDE¢S to test the assumptions of the theory that re-
sult in K;lec being independent of the length of the anionic surfactant for the same micelle

composition.
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(@) (b)

Figure 8-12: In (a), the negative charge of the anionic surfactant (for example, SDS) is
positioned before the negative charge of the Cg-lecithin molecule. In (b), the negative charge
of the anionic surfactant (for example, SDE¢S) is positioned after the positive charge of the
Cs-lecithin molecule. ., and Ry correspond to the lengths of the anionic and zwitterionic
surfactants, respectively.

8.5 Conclusions

The theoretical study presented in this chapter has demonstrated some examples of using
the theory developed in Chapter 7 to optimize the protein partition coefficient. Specifically,
the effects of three experimentally controllable variables (pH, I.S, and d.;) on the protein
partition coefficient were first examined using the analytical expression for K, derived in
Chapter 7. The theoretical expression for the protein partition coeflicient was also used in
a 23 factorial design to estimate theoretically the main effects of the individual variables
and the interactive effects between these variables. Based on this theoretical design, the
solution pH and the ionic strength (IS) were found to have a strong interactive effect.
Consequently, a theoretical response surface of the protein partition coefficient as a function
of these two variables was generated to identify the optimum conditions. New theoretical
expressions were also derived to predict protein partition coefficients in two-phase aqueous
mixed (“noncharged” /ionic) micellar systems where: (i) the ionic surfactant has its charge
located beyond the hydrophilic head of the nonionic surfactant, and (ii) the “noncharged”

surfactant is zwitterionic.
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The predictions of this chapter can be tested experimentally in the future. For exam-
ple, for the same micelle composition of anionic surfactant to “noncharged” surfactant, the
theoretical expressions derived in this chapter predict that the same electrostatic effect will
be observed in the Cg-lecithin-SDS-buffer system as in the C;oE4-SDEgS-buffer system. In
addition, this electrostatic effect is expected to be stronger than that present in the C;oE4-
SDS-buffer system. Experimentally measuring more protein partition coefficients will be
useful because they will test the a,ssumyptions underlying the theoretical expressions derived
in this chapter. However, as discussed in Section 8.4, many experiments are required to
experimentally test these predictions, since lysozyme must be partitioned in the two systems
at conditions where the total molar concentrations of the “noncharged” and anionic surfac-
tants in the top and bottom phases of one system are equal to those in the top and bottom
phases of the other system, respectively. Although these experiments are not within the
scope of this thesis, they may be performed in the future. With respect to this thesis, only
the initial weight percent concentrations of the “noncharged” and anionic surfactants were
maintained constant in the experimental study described in Chapter 9. The rationale behind
this decision was a practical one, since the mass of material required in a unit operation is

one of the variables that are considered in industry prior to selecting a system.
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Chapter 9

Separating Lysozyme from Bacteriophage
P22 in Two-Phase Aqueous Mixed Micellar

Systems

9.1 Introduction

Different two-phase aqueous mixed (“noncharged” /ionic) micellar systems were investi-
gated experimentally regarding their ability to separate protein from virus. This investigation
was motivated by the results obtained in Chapter 7. In particular, in Chapter 7, it was shown
that net positively-charged proteins, such as lysozyme, can be attracted electrostatically into
the top, micelle-rich phase, which contained the greater number of the net negatively-charged
mixed (C1oE4/SDS) micelles. Consequently, it was anticipated that the addition of an an-
ionic surfactant, like SDS, to the two-phase aqueous micellar system may yield a better
separation of lysozyme from bacteriophage P22 when compared to the CiqE,-buffer system
studied in Chapter 6. Specifically, for the same volume ratio, the yield of lysozyme in the
top, micelle-rich phase may be increased beyond 75%, which is the yield observed in the
CioE4-buffer system. With this in mind, lysozyme was separated from bacteriophage P22
in different two-phase aqueous mixed (“noncharged” /ionic) micellar systems at conditions
similar to the ones used in the CioE4-buffer system, and the results of this investigation will
be reported in this chapter. This experimental study represents a test for determining if
two-phase aqueous mixed (“noncharged” /ionic) micellar systems can improve the separation
of protein from virus. Investigating different two-phase aqueous micellar systems is also
interesting because it is always useful from a practical viewpoint to have a variety of sys-
tems available. Indeed, the scientist or engineer can then choose from the various available
systems to select the best one for a particular application based on the specific goals and

constraints of the separation problem.
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The remainder of this chapter is organized as follows. In Section 9.2, the materials and
experimental methods are detailed. Section 9.3 provides a brief review of the parameters that
are important in determining the performance of an extraction process. In Section 9.4, the
experimental results are presented and discussed. Finally, concluding remarks are presented

in Section 9.5.

9.2 Materials and Methods

9.2.1 Materials

The nonionic surfactant n-decyl tetra(ethylene oxide) (C1oE4) (lot no. 6011) was obtained
from Nikko Chemicals (Tokyo, Japan). Sodium dodecyl sulfate (SDS) (lot no. 64H02972) and
lysozyme (lot no. 57H7045) were purchased from Sigma (St. Louis, MO). A 26 wt% sodium
dodecyl hexa(ethylene oxide) sulfate (SDE¢S) aqueous solution (Exp. 5348-41) was obtained
from Witco (Houston,TX). Dioctanoyl phosphatidylcholine (Cg-lecithin) (lot no. 80PC-53)
was purchased from Avanti Polar-Lipids (Alabaster,AL). Professor Jonathan King’s labora-
tory provided the bacteriophage P22 host bacterium, Salmonella typhimurium strain 7155,
and two bacteriophage P22 mutants, (9-am/5”am/13"am) and (5~ am/13~am). Citric acid
(lot no. 0616 KCXK) and magnesium sulfate (MgSOy4) (lot no. 6070 A31581) were purchased
from Mallinckrodt (Paris, KY). Disodium phosphate (lot no. 896726) was obtained from
Fisher Scientific (Fair Lawn, NJ). All these materials were used as received. All solutions
were prepared using pH 7.2 Mcllvaine’s buffer consisting of 16.4 mM disodium phosphate
and 1.82 mM citric acid in Milli-Q water. Milli-Q water is the product of passing deionized
water through Millipore’s (Bedford, MA) Milli-QQ system. All glassware used in the exper-
iments were subjected to washing in a 50:50 ethanol:1 M sodium hydroxide bath, washing
in a 1 M nitric acid bath, rinsing copiously with Milli-Q water, and drying in an oven for at

least one day.

9.2.2 Separating Lysozyme from Bacteriophage P22 in the C,(E;-SDS-Buffer
and the C;(E4,-SDE¢S-Buffer Two-Phase Systems

For each separation experiment, five 7.0 mL buffered solutions were prepared in graduated
10 mL test tubes. Four of the solutions contained 6.6 x 107 particles/mL of bacteriophage
P22, 0.10 g/L of lysozyme, 2 mM MgSO, (which was required for the stability of bacterio-
phage P22), 0.320 wt% of one of the anionic surfactants (SDS or SDES), and 4.13 wt%

Ci10E4, which was the concentration of CgE4 used in Chapter 6. The same concentration of

206



C10Es was employed in this experiment, since the purpose of this study was to determine
if the anionic surfactant could improve the separation of lysozyme from bacteriophage P22.
The concentration of the anionic surfactant, on the other hand, was increased over 3-fold
from the concentration used in Chapter 7 with the hope of “fishing” more of the lysozyme into
the top phase. The fifth solution served as the control containing the same concentrations
of MgSO, and the two surfactants, but no protein or virus.

The solutions were mixed gently, and equilibrated at 4°C until each solution exhibited
a single phase. For the solutions containing SDS, they were placed in the thermo-regulated
device described in Section 3.2.4 to initiate phase separation at 34.1°C. As described in
Section 7.4.1, a higher operating temperature was required, since a higher concentration of
SDS was employed. With regard to the solutions containing SDEgS, the desired operating
temperature was determined experimentally to be 25.1°C. These temperatures were cho-
sen because, for the above initial concentrations of C;oE4 and the anionic surfactant, they
yielded volume ratios that were close to the one used when lysozyme was separated from
bacteriophage P22 in the CyoE,-buffer system. In addition, since both temperatures were
less than body temperature, thermal denaturation of lysozyme was expected to be negli-
gible. The solutions were maintained at this condition for 17 hours prior to withdrawing
the phases with great care using syringe and needle sets. All the partitioning experiments
in this thesis were conducted for at least 14 hours, since it was shown previously”™ that
partition coefficients measured after overnight partitioning were similar to those measured
after partitioning over at least three days. The concentration of bacteriophage P22 in each
phase was measured with the plaque assay described in Section 2.2.4. The concentration of
lysozyme in each phase was determined by utilizing a procedure similar to the one discussed
for cytochrome ¢ in Section 5.2.4. The only differences were: (i) lysozyme did not need to be
reduced with sodium L-ascorbate prior to measuring its absorbance, and (ii) the wavelength

for absorption was 280 nm.

9.2.3 Separating Lysozyme from Bacteriophage P22 in the Cg-lecithin-Buffer
and the Cg-lecithin-SDS-Buffer Two-Phase Systems

For each separation experiment, four 7.0 mL buffered solutions were prepared in grad-
uated 10 mL test tubes. For the solutions without SDS, three of the solutions contained
8.5 x 107 particles/mL of bacteriophage P22, 0.10 g/L of lysozyme, 2 mM MgSOy, and 4.13
wt% Cg-lecithin. The fourth solution served as the control containing the same concentra-

tions of Cg-lecithin and MgSQy, but no protein or virus. For the solutions containing SDS,
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three of the solutions contained 8.8 x 107 particles/mL of bacteriophage P22, 0.10 g/L of
lysozyme, 2 mM MgSQOy, 4.13 wt% Cg-lecithin, and 0.320 wt % SDS. The fourth solution
again served as the control containing the same concentrations of Cg-lecithin, SDS, and
MgSQOy4, but no protein or virus. In order to make comparisons between the different sep-
aration experiments, the concentration of Cg-lecithin was chosen to be the same as that of
CioE4 at 4.13 wt%, and the same concentration of anionic surfactant was used at 0.320 wt%.
It should be noted that a separation experiment was not performed withASDEGS because the
system did not phase separate when 0.320 wt% SDEgS was added to 4.13 wt% Cs-lecithin.

In contrast to the solutions containing CioE4 micelles, these solutions needed to be heated
in order to exhibit a single phase, since the coexistence curve of the Cg-lecithin-buffer system
has an upper critical point. It was desirable, however, to avoid higher temperatures when-
ever possible to prevent the thermal denaturation of the protein molecules. Accordingly,
the solutions were gently mixed and directly placed in the thermo-regulated device without
having them first become single phase solutions. The partitioning temperatures were 31.5°C
and 36.3°C for the solutions with and without SDS, respectively. These temperatures were
chosen because they yielded volume ratios of about 1/4 for the above initial concentrations
of Cg-lecithin and SDS. The choice of this volume ratio is explained in Section 9.3. After
the solutions were allowed to equilibrate in the thermo-regulated device for 10 minutes, they
were gently mixed again and placed back into the device to ensure a well-mixed solution.
The solutions were then left unperturbed in the thermo-regulated device for 16 hours before
their phases were withdrawn with great care using syringe and needle sets. All the parti-
tioning experiments in this thesis were conducted for at least 14 hours, since it was shown
previously™ that partition coefficients measured after overnight partitioning were similar to
those measured after partitioning over at least three days. The concentration of bacterio-
phage P22 in each phase was measured with the plaque assay described in Section 2.2.4.
The concentration of lysozyme in each phase was determined as described in Section 9.2.2,
with the exception that the temperature of the samples in the cuvettes were maintained at
37°C, and not 14 to 15°C, to prevent the onset of phase separation. The lower temperatures
of 14 to 15°C could not be used, since the Cg-lecithin micellar systems phase separate with

a decrease in the temperature.

9.3 Theory

In this study, lysozyme was separated from bacteriophage P22 in different two-phase

aqueous micellar systems. Accordingly, in order to determine the performance of the separa-
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tion processes in the C;oE4-ionic surfactant-buffer systems, the equations that were discussed
in detail in Chapter 6 are required. These equations, which are summarized below, are also
applicable to the C,gE4-ionic surfactant-buffer systems because the top and bottom phases
are micelle-rich and micelle-poor, respectively, as in the CyoE4-buffer system. The protein

and viral partition coefficients, K, and K, are defined as follows:™

Cpt
K, =2 1.3
P Cp,b ( )
and o
K, = =% .
Cos (1.5)

where C,; and C,, are the concentrations of protein in the top and bottom phases, re-
spectively, and C,; and C,; are the concentrations of virus in the top and bottom phases,
respectively. The yield of the protein in the top phase (Y, ¢ g, ), the yield of the virus in
the bottom phase (Y, 4 c,,E,), and the concentration factor of the virus in the bottom phase

(CFyp,ci0E,) are given by:

K, (%)
Yot.c10m, = ——2—~ % 100% 6.4
p,t,CroE4 14 Kp (%) ( )
and
1
Y'v’b,(;w)gj4 = 7 X 100% (65)
1+ K, (%)
and
Vi
CFyp,croEs = i (6.7)
e ()

where V;/V}, is the volume ratio. As discussed in detail in Section 6.3.4, these equations
indicate that a volume ratio that is larger than one is desirable to attain good recovery of
the protein in the top phase, while still maintaining good recovery of the virus in the bottom
phase. Such a volume ratio would also give rise to a higher concentration factor of the virus
in the bottom phase. A volume ratio similar to the one used in Chapter 6 was utilized in
this study to enable a comparison between the different separation experiments.

For the zwitterionic Cg-lecithin micellar systems, which include the Cg-lecithin-buffer and
the Cg-lecithin-ionic surfactant-buffer systems, new performance equations must be derived.
New equations are required because the locations of the micelle-rich and micelle-poor phases

are reversed when compared to those in the CigE; micellar systems, which include the
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CioE4-buffer and the CjgE4-ionic surfactant-buffer systems. As discussed in Chapter 8, the
top phase is micelle-poor, while the bottom phase is micelle-rich in the Cg-lecithin micellar
systems. To distinguish the yields and concentration factor evaluated in the Cg-lecithin
micellar systems from those evaluated in the C;oE4 micellar systems, “Cs” (and not “CjoE4”)
will be included in the subscripts of these parameters.

Separation experiments in the Cg-lecithin micellar systems were performed where the
protein was recovered in the bottom, micelle-rich phase, while the virus was recovered in the

top, micelle-poor phase. The yield of the protein in the bottom phase, Y, ¢, is given by:

Cou Vi
)/p,b,CS — 5 p,bYVb

100 9.1
p,t‘/t + Cp,b‘/b 8 % ( )

Similarly, the yield of the virus in the top phase, Y, ¢,, can be written as follows:

Cy Vi
K),t,Cs - C bt

100 2
Vit gy, 100 (9:2)

Combining Eqgs. (9.1), (9.2), and the definitions of the protein and viral partition coefficients
yield the following equalities:

1
Yyp0s = ———— % 100% (9.3)
1+ K, (%)
and "
K, (%
Yosco = (%) x 100% (9.4)

Vi
1+ K, (%)
Since the virus will be recovered in the top phase, the concentration factor of the virus in

the top phase, CF,; ¢, is given by:

Cv,t

Cl’l}tcg
B C
v,O

(9.5)

where C, o is the initial concentration of the virus prior to the extraction. Recalling the

equation for the mass balance on the virus,
Coo (Vi + W) = CoiVi + CopVh (4.1)

and combining Eqgs. (9.5), (4.1), and the definition of the viral partition coefficient yields the
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following expression for the concentration factor of the virus in the top phase:

K, (1+%)

1+ K, (—“%)

CFytcs = (9.6)

For the Cg-lecithin micellar systems, an analysis similar to the one presented in Sec-
tion 6.3.4 can be conducted with the above equations to show that a volume ratio that is .
smaller than one is desirable to attain good recovery of the protein in the bottom phase, while
still maintaining good recovery of the virus in the top phase. Such a volume ratio would
also give rise to a higher concentration factor of the virus in the top phase. It was expected
that a volume ratio that is less than 1 is desirable, since the locations of the micelle-rich
and micelle-poor phases in the Cg-lecithin micellar systems are reversed in comparison to
those in the C1oE4 micellar systems. A volume ratio of about 1/4 was used in the Cg-lecithin
micellar systems to be consistent with the separation experiments performed in the CoE,4
micellar systems, which used a value of 4 for the ratio of the volume of the micelle-rich phase
to the volume of the micelle-poor phase. Note that the entrainment of micelle-poor domains
in the macroscopic, micelle-rich phase (see Chapter 5) was expected to be present in the
separation experiments because the volume of the micelle-rich phase was larger than that of

the micelle-poor phase.

9.4 Results and Discussion

9.4.1 Separating Lysozyme from Bacteriophage P22 in the C;yE;-SDS-Buffer
and the C;)E;-SDE¢S-Buffer Two-Phase Systems

The results of the separation experiments conducted in the C;oE4-SDS-buffer and the
C10E4-SDEgS-buffer systems are summarized in Table 9-1. The mass balances on lysozyme
and bacteriophage P22 in these experiments closed to 100% within the experimental error.
The results of the previous separation experiment in the C,oE4-buffer system (Chapter 6)
have also been included in Table 9-1 for comparison. The addition of SDS at a concentra-
tion of 0.320 wt% increased the partition coefficient of lysozyme from K,=0.78 to K,=6.7.
Accordingly, the yield of lysozyme in the top phase increased from Y,;c, g, =75% in the
CioEs-buffer system to Y, c0m,=95% in the CioE4-SDS-buffer system. On the other hand,
the addition of SDE¢S to the C oE4-buffer system at a concentration of 0.320 wt% only in-
creased the partition coefficient of lysozyme from K,=0.78 to K,=1.12. Based on this value

of the protein partition coefficient and a lower volume ratio of 3.1, the yield of the protein
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in the top phase was Y, ;¢ o5, =77%, which was very close to the value of Yo t.010Es=T5%
attained in the CipE4-buffer system. Even if a volume ratio of 4, instead of 3.1, was used in
the C1oE4-SDEgS-buffer system, the yield of the protein in the top phase would have been
only Y, ¢ c1,r,=81%.

Table 9-1: Separating lysozyme from bacteriophage P22 in different CjoE4 micellar sys-
tems. This table shows the results from the separation experiments conducted in this study
along with the results from the separation experiment performed in the CyoE4-buffer system
(Chapter 6). The errors correspond to 95% confidence limits for the measurements.

C10E4+-SDEgS-Buffer | C1oE4-SDS-Buffer | C,¢E4-Buffer
CioEs wt% 4.13 4.13 4.13
SDEgS wt% 0.320 0 0
SDS wt% 0 0.320 0
Vi/Vi 3.1 3.5 4.0
K, 1.12 £+ 0.02 6.7+ 0.6 0.78 &+ 0.02
K, 0.0036 + 0.0012 0.0056 + 0.0006 0.0061 + 0.0013
Y t.CroE. 7% 95% 75%
Yo b.Cr0Es 98% 98% 97%
CF,p.Ci0Es 4.0 44 4.8

With regard to the partition coefficients of bacteriophage P22, they were all approxi-
mately the same to within error. Specifically, the partition coeflicients were K,=5.6 X 1073,
K,=3.6 x 1073, and K,=6.1 x 1073 in the C;oE4-SDS-buffer, the C;E4-SDEgS-buffer, and
the CyoEs-buffer systems, respectively. Therefore, the yields of the virus in the bottom
phase were also all essentially the same. In particular, the yields were Yy 50108, =98%,
Yo .CroE.=98%, and Yy ci05,=97% in the CipE4-SDS-buffer, the C1oE4-SDEgS-buffer, and
the CyoE4-buffer systems, respectively. The electrostatic interactions appear to have no effect
on the partitioning behavior of bacteriophage P22, even though the net negative charge of
bacteriophage P22 has been estimated to be -4750 at the pH of the buffer using the method
described in Section 7.3.4. Strong electrostatic repulsive interactions are still most proba-
bly present between the net negatively-charged bacteriophage P22 and the net negatively-
charged mixed micelles, since significant electrostatic interactions have already been observed
for proteins that have net charges that are orders of magnitude smaller than that of bac-
teriophage P22. However, entrainment effects, such as those investigated in Chapter 5, are

most probably causing the partition coefficients of bacteriophage P22 to appear similar in
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the absence and in the presence of an anionic surfactant. For the purpose of separating
lysozyme from bacteriophage P22 in the C,oE4-anionic surfactant-buffer system, however,
attaining similar viral partition coefficients is sufficient, since it indicates the possibility of
increasing the yield of lysozyme in the top phase, while maintaining the same yield of virus
in the bottom phase. With regard to the concentration factor of the virus in the bottom
phase, it was lower in the Cy9E4-SDS-buffer system (CF,  ¢,,5,=4.4) and the C;oE4-SDE¢S-
buffer system (CF, c,,z,=4.0), but this was entirely due to using the smaller volume ratios
of 3.5 and 3.1, respectively. This decrease in the concentration factor of the virus in the
bottom phase from the value of C'F, 4 ¢,,5,=4.8 measured in the CyoE,-buffer system is not
associated with viral partitioning, because similar viral partition coefficients were obtained
in the three systems.

In addition, Table 9-1 shows that the measured partition coefficient of lysozyme is larger
in the CyoE4-SDS-buffer system than in the C;oE4-SDEgS-buffer system. Therefore, it can
be concluded that, for the same initial wt% of anionic surfactant and a similar final volume
ratio, SDS gives rise to stronger electrostatic attractions with lysozyme than SDEgS. This
difference between SDS and SDE;gS is also reflected in the different operating temperatures
used in the two separation experiments. For similar volume ratios, the addition of 0.320
wt% of SDEgS only increased the phase separation temperature to 25.1°C, while the same
concentration of SDS increased the phase separation temperature to 34.1°C. As discussed
in Section 7.4.1, adding an ionic surfactant into the CioE4 micelles increases the phase sep-
aration temperature because it introduces electrostatic repulsions between the micelles. To
counter these electrostatic repulsions, higher phase separation temperatures are required,
since increasing the temperature increases the attractive interactions between these C;qE,-
rich micelles, which are required for phase separation to occur (see Chapter 1). The smaller
increase in the phase separation temperature for the C;oE4-SDEgS-buffer system therefore
indicates that, for the same initial wt% of ionic surfactant and a similar final volume ra-
tio, SDEgS gives rise to weaker electrostatic repulsions between the micelles. However, it
cannot be concluded that, in general, the C;oE4-SDS-buffer system gives rise to stronger
electrostatic attractions with lysozyme compared to the C,oE4-SDEgS-buffer system, which
would contradict the theoretical prediction of Chapter 8. In order to reach such a conclusion,
lysozyme must be partitioned in the two systems at conditions where the total molar con-
centrations of C1pE; and the anionic surfactant in the top and bottom phases of one system
are equal to those in the top and bottom phases of the other system, respectively. This,

however, was not the case in the experiments described above, since it requires identifying
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the appropriate tie line in each system, which involves many experiments as discussed in
Section 8.4. However, the appropriate experiments may be performed in the future to test

the assumptions underlying the theoretical predictions of Chapter 8.

9.4.2 Separating Lysozyme from Bacteriophage P22 in the Cs-lecithin-Buffer
and the Cg-lecithin-SDS-Buffer Two-Phase Systems

The results of the separation experiments conducted in the Cg-lecithin-buffer and the
Cs-lecithin-SDS-buffer systems are summarized in Table 9-2. The mass balances on both
lysozyme and bacteriophage P22 closed to 100% within the experimental error. As expected,
the addition of SDS to the Cs-lecithin-buffer system “fished” the net positively-charged
lysozyme into the bottom, micelle-rich phase, which contained the greater number of net
negatively-charged mixed micelles. Specifically, the addition of SDS decreased the partition
coefficient of lysozyme from K,=1.4 to K,=0.38. Accordingly, the yield of lysozyme in the
bottom phase increased from Y} c,=70% in the Cg-lecithin-buffer system to Y, 4 ¢, =91% in
the Cs-lecithin-SDS-buffer system. With regard to the partition coefficient of bacteriophage
P22, similar values were attained, to within experimental error, for the Cg-lecithin-SDS-buffer
system (K,=20) and the Cg-lecithin-buffer system (K,=11). As discussed in Section 9.4.1,
strong electrostatic repulsive interactions are still most probably present between bacterio-
phage P22 and the net negatively-charged mixed micelles, since electrostatic interactions
were even observed for lysozyme. However, entrainment effects, such as those investigated
in Chapter 5, are most probably causing the partition coeflicients of bacteriophage P22 to
appear similar. Accordingly, the yields of the virus in the top phase were similar between the
Cg-lecithin-buffer system (Y, ; ¢,=76%) and the Cg-lecithin-SDS-buffer system (Y s c,=82%).
The concentration factor of the virus in the top phase, however, increased from CF,, ; c,=3.3
in the Cg-lecithin-buffer system to CF,;c,=4.4 in the Cg-lecithin-SDS-buffer system. This
increase in the concentration factor of the virus in the top phase was entirely due to using
a slightly smaller volume ratio of 0.23 instead of 0.30. The increase in the concentration
factor is not associated with viral partitioning because similar viral partition coefficients
were obtained in the two systems.

As discussed earlier, the locations of the micelle-rich and micelle-poor phases in the
Cg-lecithin micellar systems are reversed relative to those in the CjoE4 micellar systems.
Therefore, in order to make comparisons with the values obtained in the CjoE4 micellar
systems, inverse values of the volume ratio, protein partition coefficient, and viral partition

coefficient have been included in Table 9-2. For similar volume ratios and the same initial
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Table 9-2: Separating lysozyme from bacteriophage P22 in different Cg-lecithin micellar
systems. The results from this experimental study have been summarized in this table.
Since the locations of the micelle-rich and micelle-poor phases are reversed in the Cs-lecithin
micellar systems relative to the CioE4 micellar systems, inverse values of the volume ratio,
protein partition coefficient, and viral partition coefficient have also been included to allow
comparison with the corresponding values obtained in the C;yE; micellar systems. The

errors correspond to 95% confidence limits for the measurements.

Csg-lecithin-SDS-Buffer | Cg-lecithin-Buffer
Cs-lecithin wt% 4.13 4.13
SDS wt% 0.320 0
Vi/ Vi 0.23 0.30
Vi/V, 4.3 3.3
K, 0.38 + 0.13 1.4 £0.2
1/K, 27+ 1.0 0.71 £ 0.13
K, 20 + 13 11 £5
1/K, 0.05 £ 0.04 0.09 £+ 0.04
Yo ,Cs 91% 70%
Yotcs 82% 76%
CFyt.c4 4.4 3.3

concentrations of SDS and “noncharged” surfactant (Cg-lecithin or CyoE4), more of the
lysozyme was attracted to the micelle-rich phase in the CoE4-SDS-buffer system than in the
Cs-lecithin-SDS-buffer system. Specifically, the addition of SDS to the Cg-lecithin micellar
system increased the 1/K, value from 0.71 to 2.7, while the addition of SDS to the C;oE4-
buffer system increased the K, value from 0.78 to 6.7. However, as discussed in Section 9.4.1,
it cannot be concluded that the C,oE4-SDS-buffer system generally gives rise to stronger
electrostatic attractions with lysozyme than the Cg-lecithin-SDS-buffer system. In order to
make such a statement, many more experiments are required.

The value of the viral partition coefficient, however, can be improved. The 1/K, values
from the Cg-lecithin micellar systems were about one order of magnitude larger than the K,
values from the C;oE4; micellar systems. Since entrainment was found to be a major factor
in Chapter 5, the viscosities of buffered Cg-lecithin micellar solutions were measured with
a procedure similar to the one detailed in Section 5.2.5. The results of the measurements
are shown in Table 9-3 along with the results of the previous viscosity measurements of

buffered C;oE4 micellar solutions. Since the viscosities of the buffered Cg-lecithin micellar
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solutions are higher than those of the buffered C;oE; micellar solutions, the difference in
viral partitioning between the Cg-lecithin and CyoE4 micellar systems can be attributed to a
difference in the degree of entrainment. As explained in Chapter 5, a more viscous micelle-
rich phase is expected to entrain more micelle-poor domains in the micelle-rich phase, thereby

causing the measured viral partition coefficient to be less extreme.

Table 9-3: Experimentally measured viscosities of buffered Cg-lecithin and CyoE4 solutions.
The results of the previous viscosity measurements of buffered C;oE,4 micellar solutions from
Chapter 5 are included in the table for comparison. The errors correspond to 95% confidence
limits for the measurements.

Surfactant | Concentration (wt%) | Viscosity (cP)

Cs-lecithin 10 167 + 2
Ci0E4 10 18.9 £ 0.1

Cg-lecithin 5 41.8 £ 0.3
CioE4 5 7.71 £ 0.08

Although the degree of entrainment is most probably higher in the Cg-lecithin micellar
systems, the Cg-lecithin-ionic surfactant-buffer systems are, nevertheless, potential candi-
dates for separating protein from virus, since the increase in 1/K) from 0.71 to 2.7 is rea-
sonable. Future experiments should therefore include increasing the SDS concentration even
further. Csg-lecithin micellar systems are also promising because low operating temperatures,
which are desirable for maintaining the thermal stability of proteins, are available because
Cjg-lecithin micellar systems phase separate with a decrease in temperature. As discussed in
Chapter 8, the phase separation behavior of aqueous Cs-lecithin solutions can be explained
by analyzing Eq. (8.9), where the enthalpic contribution provides the driving force for the
system to phase separate, while the entropic contribution tries to maintain a single phase
solution. Although low operating temperatures are already available in the Cg-lecithin-buffer
system, even lower temperatures can be achieved with the addition of an ionic surfactant.
Adding an ionic surfactant to the Cg-lecithin-buffer system decreases the enthalpic driving
force for phase separation by introducing electrostatic repulsions between the micelles. Since
the enthalpic driving force (associated with the attractive interactions between the micelles)
is reduced, phase separation can only occur by further decreasing the entropic contribution.
As discussed in Chapter 8, the entropic contribution is reduced by further decreasing the
temperature. Therefore, in contrast to C19E4 micellar systems, adding an ionic surfactant de-

creases the phase separation temperature in Cg-lecithin micellar systems. This was observed
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in the separation experiments conducted in this study, since the addition of 0.320 wt% of
SDS to a 4.13 wt% Cg-lecithin aqueous solution decreased the phase separation temperature
from 36.3°C to 31.5°C for similar final volume ratios. Accordingly, future experiments should
be performed in the Cg-lecithin-ionic surfactant-buffer systems at an operating temperature

of about 4°C, which is the temperature at which many downstream processes are conducted.

9.5 Conclusions

The separation of lysozyme from bacteriophage P22 was investigated in different two-
phase aqueous mixed (“noncharged” /ionic) micellar systems. The addition of an ionic sur-
factant improved the separation in all cases. In particular, a very good separation of lysozyme
from bacteriophage P22 was attained in the C,oE;-SDS-buffer system. Although the yield
of the virus in the bottom phase was basically the same as the one measured in the CyoE,-
buffer system, the addition of SDS at a concentration of 0.320 wt% increased the yield of
lysozyme in the top phase from Y, ;¢ om, = 75% to Yp 10,06, = 95%. Experiments should
therefore be conducted in the future to investigate the potential of attaining even higher
yields of lysozyme with the addition of more SDS. In addition, liquid-liquid extractions in
series should be investigated for the purpose of viral clearance. Future studies should also
include investigating the separation of proteins from other biological materials, such as cell
debris and DNA.
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PART IV

CONCLUDING REMARKS






————

Chapter 10

Conclusions and Future Research Directions

In an effort to attain good separation of protein from virus, the overall objective of this thesis
was to develop a fundamental understanding of protein and viral partitioning in two-phase
aqueous micellar systems. Section 10.1 provides a summary of the thesis. Based on the
results of this thesis, future research directions were identified, and they are described in

Section 10.2. Lastly, Section 10.3 presents some concluding remarks.

10.1 Thesis Summary

The motivation and background for this thesis were described in Part I. For example, the
biochemical and biomedical applications requiring the separation of proteins from viruses
were reviewed. They included large-scale applications, such as viral clearance and produc-
tion of gene delivery viral vectors, as well as small-scale applications, such as preparative
biochemistry. An overview of surfactants, micellization, and two-phase aqueous micellar
systems was also provided in Part I of this thesis.

This thesis was comprised of two directions, Directions A and B, that were investigated
simultaneously. The objective of Direction A (Part II of this thesis) was to understand
viral partitioning in the two-phase aqueous CioE,; micellar system, since the partitioning
behavior of viruses could not be fully explained by considering solely the excluded-volume
interactions that operate between the viruses and the CjygE4 micelles. Accordingly, Direction
A was aimed at determining other possible mechanisms, in addition to the excluded-volume
interactions, that influence viral partitioning in the two-phase aqueous C;oE4 micellar system.
By identifying these mechanisms, they may, if possible, be eliminated in the future to yield
the extreme viral partition coefficients predicted by the excluded-volume theory. This, in
turn, would enhance the separation of protein from virus.

Since the excluded-volume theory is capable of predicting reasonably well the partition

coefficients of water-soluble proteins, our approach to determining other possible mechanisms
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was based on challenging the assumptions underlying the excluded-volume theory in order
to identify the assumptions that are valid for water-soluble proteins but not for viruses.
In other words, the search for other possible mechanisms was similar to the search for the
culprits in a murder mystery, where the biggest “clue” was that the “suspect” mechanisms
significantly influence viral partitioning, while having little or no impact on protein parti-
tioning. Experimental studies were conducted in Chapters 2 and 3 to investigate possible
attractive interactions between the tailspikes of bacteriophage P22 and the CioE4 micelles.
These possible attractive interactions were investigated because: (i) the excluded-volume
theory assumes that only repulsive, excluded-volume interactions operate between the mi-
celles and the partitioning solute, and (ii) the previously studied water-soluble proteins were
not expected to have similar attractive interactions for reasons discussed in Chapter 2. Pos-
sible attractive interactions could counter the excluded-volume interactions, and allow more
of the viral particles to remain in the top, micelle-rich phase. This, in turn, would result
in the measured viral partition coefficients being larger than those predicted based on the
excluded-volume theory, which was observed experimentally.

The results of the competitive inhibition study conducted in Chapter 2 demonstrated that
the presence of the C,oE4 micelles did not interfere with the infection process of bacteriophage
P22. Accordingly, it was concluded that negligible or no attractive interactions operate
between the tailspikes of bacteriophage P22 and the C;oE, micelles. This conclusion was
tested further in Chapter 3 with a “cleaner,” follow-up experimental study. Specifically, the
capsids of bacteriophage P22 without the tailspikes were synthesized and partitioned. The
partitioning behavior of the capsids of bacteriophage P22 was found to be essentially the
same as that of the intact bacteriophage P22 particles with tailspikes. Accordingly, based
on this result and the result of Chapter 2, it was concluded that any attractive interactions
between the tailspikes of bacteriophage P22 and the C;oE, micelles are negligible.

Accordingly, any attractive interactions between the bacteriophage P22 particles and the
C0E,4 micelles must be associated with the capsids of bacteriophage P22. The capsid of
bacteriophage P22 is comprised of approximately 420 proteins. These capsids therefore have
a greater tendency to exhibit heterogeneous surface properties when compared to the pre-
viously studied water-soluble proteins. Certain groups of capsids may therefore exist which
have strong attractive interactions with the CioE4 micelles. A double-stage partitioning
study was conducted in Chapter 4 to test this hypothesis. The results of the double-stage
partitioning study indicated that, even if heterogeneities do exist among the capsids of bac-

teriophage P22, they cannot be invoked to rationalize the observed discrepancy between the
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theoretically predicted and the experimentally measured partition coefficients of bacterio-
phage P22. Based on this conclusion and those from Chapters 2 and 3, the only remaining
source of attractive interactions between the bacteriophage P22 particles and the CyoE4 mi-
celles were electromagnetic interactions between the capsids of bacteriophage P22 and the
C10E4 micelles. However, since all three, very different bacteriophages discussed in Chap-
ter 1 were found to partition similarly, it was concluded that these attractive, electromagnetic
interactions were most probably not responsible for the observed viral partitioning behav-
ior. Specifically, it is difficult to imagine that the repulsive, excluded-volume and attractive,
electromagnetic interactions associated with these three bacteriophages having very different
sizes and properties (both exterior and interior) would precisely balance each other to yield
similar partition coeflicients.

In addition to assuming that only repulsive, excluded-volume interactions operate be-
tween the viruses and the CioE,; micelles, the excluded-volume theory also assumes that
macroscopic phase separation equilibrium is attained in the two-phase aqueous C;oE4 micel-
lar system. Macroscopic phase separation equilibrium refers to the condition in which all the
micelle-rich and micelle-poor domains, which are formed at the onset of phase separation, are
in their corresponding macroscopic phases prior to withdrawing the top and bottom phases.
However, this may not be true experimentally, since there could be micelle-poor domains en-
trained in the macroscopic, top, micelle-rich phase, as well as micelle-rich domains entrained
in the macroscopic, bottom, micelle-poor phase. Consequently, the concentration of viral par-
ticles measured in each phase could be affected by the presence of these entrained domains.
In accordance with the biggest “clue” concept, the concentration of protein in each phase,
on the other hand, was expected to be negligibly affected by these entrained domains (see
the discussion in Chapter 5). The experimental study presented in Chapter 5 demonstrated
that the entrainment of micelle-poor domains in the macroscopic, top, micelle-rich phase is
the key factor influencing the partitioning behavior of viruses. In addition, a new theoretical
description of partitioning was developed in this chapter that combines the excluded-volume
theory with this entrainment effect. To account for the entrainment, one fitted parame-
ter, namely, the volume fraction of entrained micelle-poor domains in the macroscopic, top,
micelle-rich phase, was incorporated into the theory. With this fitted parameter and the
excluded-volume theory, very good agreement between the measured and predicted viral
partition coeflicients was attained. Therefore, it can be concluded that the primary mecha-
nisms governing viral partitioning in the two-phase aqueous C;oE4 micellar system are only

the entrainment of micelle-poor domains in the macroscopic, top, micelle-rich phase and the
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excluded-volume interactions between the viruses and the micelles.

While the mechanisms governing viral partitioning were being investigated in the context
of Direction A, Direction B of this thesis was being pursued simultaneously. Direction B,
which corresponds to Part III of this thesis, centered around the less optimistic point-of-view
that the viral partition coefficients would not decrease below the experimentally observed
values of 1073 to 1072 in the two-phase aqueous CjoE4 micellar system Even with these
viral partition coefficients, the virus is excluded more strongly than the protein into the
bottom, micelle-poor phase. Accordingly, it was expected that operating parameters could
be manipulated to achieve good separation of protein from virus. In Chapter 6, the volume
ratio (the volume of the top phase divided by that of the bottom phase) was increased
to 4.0 to attain a protein (lysozyme) yield in the top phase of Y, c, £, =75% and a viral
(bacteriophage P22) yield in the bottom phase of Y, 4,c,,m,=97%. A higher protein yield in
the top phase was desirable, however, since a significant amount of protein was still being lost
to the bottom phase. Although the volume ratio could be increased further to increase the
yield of the protein in the top phase beyond 75%, this would also increase the contamination
of the top phase with the virus. Accordingly, it was instead desirable to introduce another
mode of interaction, in addition to that of the excluded-volume type, to attract the protein
into the top, micelle-rich phase for the purpose of increasing its yield.

Chapter 7 described the fundamental investigation of protein partitioning in the two-
phase aqueous micellar system formed by the addition of the anionic surfactant SDS to the
nonionic surfactant CyoEs. The experimental study in this chapter demonstrated proof-
of-principle that two-phase aqueous mixed (nonionic/ionic) micellar systems can indeed be
used to modulate both electrostatic and excluded-volume interactions between the proteins
and the micelles. After mapping out the required coexistence curves and justifying their
applicability, two net positively-charged proteins (lysozyme and cytochrome ¢) and two net
negatively-charged proteins (ovalbumin and catalase) were partitioned in the CyoE4-buffer
and C1oE4-SDS-buffer systems at conditions where the excluded-volume interactions between
the proteins and the micelles were maintained constant. Comparison of the partitioning
results between the two systems indicated that the electrostatic interactions between the
proteins and the mixed (CyoE4/SDS) micelles did have an effect on protein partitioning.
A theory was also developed to predict protein partition coefficients in two-phase aqueous
mixed (nonionic/ionic) micellar systems. The theory incorporated the dominant interactions,
namely, the excluded-volume and electrostatic interactions, between the proteins and the

mixed micelles. Since the excluded-volume theory had already been developed by others
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in our group, the main component of the theoretical study was modeling the electrostatic
interactions. Each micelle was modeled as an infinitely-long cylinder with an associated
electrostatic potential obtained by using the Debye-Hiickel approximation to the Poisson-
Boltzmann equation. Each protein was modeled as a point ion with a charge equal to its
net charge, which was predicted based on its amino acid sequence, typical pKa values, and
the Henderson-Hasselbalch equation. Program MIX2 (a program developed by our group to
predict fundamental properties of mixed surfactant systems) was also used to obtain values of
various required parameters associated with the mixed micelles. The theoretical predictions
were compared with the experimental data, and the theory was shown to provide reasonable
quantitative predictions of protein partition coefficients in the C;oE4-SDS-buffer system.

An important benefit of the theory developed in Chapter 7 is the ability to provide useful
guidelines to optimize the protein partition coefficient without performing a single experi-
ment. Accordingly, Chapter 8 presented some examples of using the theory for this purpose.
Specifically, the effects of three experimentally controllable variables (the solution pH, the
ionic strength, and the distance from the end of the hydrocarbon tail to the charge of the
ionic surfactant) on the protein partition coefficient were first quickly examined using the
analytical expression for the protein partition coefficient. The theoretical expression for the
protein partition coefficient was also used in a 23 factorial design to estimate the main ef-
fects of the individual variables and the interactive effects between these variables. Based on
this theoretical design, the solution pH and the ionic strength were found to have a strong
interactive effect. Consequently, a theoretical response surface of the protein partition coef-
ficient as a function of these two variables was generated to identify the optimum conditions.
New theoretical expressions were also derived to predict protein partition coefficients in two-
phase aqueous mixed (“noncharged” /ionic) micellar systems where: (i) the ionic surfactant
has its charge located beyond the hydrophilic head of the nonionic surfactant, and (ii) the
“noncharged” surfactant is zwitterionic instead of nonionic.

Different two-phase aqueous mixed (“noncharged” /ionic) micellar systems were investi-
gated experimentally in Chapter 9 regarding their ability to separate protein from virus. This
investigation was motivated by the results obtained in Chapter 7. In particular, in Chapter 7,
it was shown that net positively-charged proteins, such as lysozyme, can be attracted elec-
trostatically into the top, micelle-rich phase, which contained the greater number of the net
negatively-charged mixed (C;oE4/SDS) micelles. The “noncharged” surfactants that were
investigated included Ci9E4 and Cg-lecithin, while the ionic surfactants that were examined

included SDS and SDEgS. The addition of an anionic surfactant improved the separation
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of lysozyme from bacteriophage P22 in all cases. In particular, a very good separation of
lysozyme from bacteriophage P22 was attained in the C;oE4-SDS-buffer system. Although
the yield of the virus in the bottom phase was basically the same as the one measured in
the CqoE4-buffer system, the addition of SDS at a concentration of 0.320 wt% increased the
yield of lysozyme in the top phase from Y, ; c,,z,=75% t0 Y, 1 c,05,=95%.

10.2 Future Research Directions

10.2.1 Experimentally Attaining Even Lower Viral Partition Coeflicients

As a result of the experimental and theoretical studies presented in Part II of this thesis,
the entrainment of micelle-poor domains in the macroscopic, top, micelle-rich phase was
found to be the key factor governing viral partitioning in the two-phase aqueous CioE4 mi-
cellar system. Although the degree of entrainment may be reduced further in the future
by employing a volume ratio of 0.01 or lower, another method for reducing entrainment is
required, since there should be some flexibility in the choice of the volume ratio. Specifically,
the volume ratio is an operating parameter that should be selected based on the desired
yield of product. Accordingly, an experimental apparatus capable of reducing or removing
entrainment, regardless of the volume ratio, is desirable. One possibility is the use of mi-
croreactor vessels.!?® Due to the small volumes and length scales involved, entrainment may
be reduced in these systems. Such a small-scale operation would also be relevant to the area
of diagnostics, which involves analyzing low volumes of blood samples. A thorough literature

search in the area of liquid-liquid extraction equipment should also be performed.

10.2.2 Exploiting Electrostatic Interactions between the Mixed Micelles and

the Proteins

In Part III of this thesis, the two-phase aqueous mixed (“noncharged” /ionic) micellar
system was shown to be able to modulate both electrostatic and excluded-volume interactions
between the proteins and the mixed micelles. The introduction of electrostatic interactions
also improved the separation of lysozyme (a model protein) from bacteriophage P22 (a model
virus). Accordingly, the studies described below may be conducted in the future to extend

the work that has begun in this area.
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Experimentally Testing the Theoretically Predicted Trends in the Protein

Partition Coefficient

In addition to predicting reasonably well the protein partition coefficients measured in the
C10E4-SDS-buffer system, the theory was also used to predict trends in the protein partition
coefficient when certain experimentally controllable variables were adjusted. Some of these
trends should be tested experimentally in the future, since the work presented in Chapter 8
provided some guidelines for improving the protein partition coefficient. For example, the
solution pH can be decreased to determine if the protein partition coefficient will increase in a
two-phase aqueous mixed (“noncharged” /anionic) micellar system. Protein partitioning in a
two-phase aqueous mixed (“noncharged” / cationic) micellar system should also be examined.
The ionic strength of the solution can also be decreased to determine if the strength of the
electrostatic interactions does indeed increase. The effect of increasing the distance from
the end of the hydrocarbon tail to the negative charge of the anionic surfactant can also be
tested by using different anionic SDE,S surfactants, where n is an integer that varies from

0 to 6.

Adding More Ionic Surfactant to the Two-Phase Aqueous Mixed
(“Noncharged” /Ionic) Micellar System

To attain even higher yields of lysozyme in the micelle-rich phase in the future, more
SDS should be added to the two-phase aqueous mixed (C;oE4/SDS) micellar system and
the two-phase aqueous mixed (Cg-lecithin/SDS) micellar system. Other anionic surfactants
and net positively-charged proteins should also be investigated. For the two-phase aqueous
mixed (Cg-lecithin/ionic) micellar systems, separation experiments should also be conducted
at 4°C, since many downstream processes are conducted at this temperature to maintain the

thermal stability of proteins.

Performing Liquid-Liquid Extractions in Series

In the separation experiment involving lysozyme and bacteriophage P22 in the two-
phase aqueous mixed (C10E,;/SDS) micellar system, the measured protein and viral partition
coefficients are K,=6.7 and K,=6x1073, respectively. These results indicate that there is
potential for using two-phase aqueous mixed (“noncharged” /ionic) micellar systems for viral
clearance. As discussed in Chapter 1, the parameter of interest is the logio of viral clearance

(LVC), which is the logjo of the ratio of the total number of viral particles fed into a unit
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operation to the number of viral particles remaining with the therapeutic protein product
after the unit operation. Since the protein product is recovered in the top phase of the
two-phase aqueous mixed (CyoE4/SDS) micellar system, the logyo of viral clearance in this

system is given by:

Cv t‘/t + Cv bv;)
LvC =1 : ’ 1
VC =log ( Cod ) (10.1)
Combining Eq. (10.1) and the definition of the viral partition coefficient yields:
1+ K, (%
LVC = log [———V(XQ} (10.2)
K. (i)

If liquid-liquid extraction stages are conducted in series, each with a volume ratio of 4.0,
three stages are required to attain 4.8 logo viral clearance (a good LVC value) when the
viral partition coefficient in each stage is K, = 6 X 1073, In addition, an 89% yield of the
protein at the end of the three stages can be attained if the protein partition coeflicient in
each stage is K,=6.7. This yield is much better than a yield of 43% that is predicted based
on the protein partition coefficient of K,=0.78, which was measured for lysozyme in the
absence of SDS (see Chapter 6). A schematic representation of these possible extractions
in series is shown in Figure 10-1. Accordingly, future experiments involving extractions in
series should be conducted to test this potential for using these mixed micellar systems.
Cheaper surfactant alternatives, such as a crude mixture of C;E; surfactants, and other net

positively-charged proteins should also be investigated in these extractions.

Purifying a Protein from a Fermentation Broth

Since two-phase aqueous mixed (“noncharged” /ionic) micellar systems have been able to
attain a practically desirable protein partition coefficient (K,=6.7), their ability to quickly
purify a protein from a fermentation broth should be investigated in the future. Quick
purification and concentration of a desired protein can lead to reduction in capital cost,
residence time, and cost associated with product loss. In addition, if an anionic surfactant
is used, it may repel the highly negatively-charged DNA into the micelle-poor phase away
from the desired protein. However, before conducting any such separation experiment, the
partitioning of other biomolecules, including DNA and cells, should be investigated individ-
ually in the two-phase aqueous mixed (‘“noncharged” /ionic) micellar systems to determine

the partitioning behavior of each biomolecule in the absence of other components.
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Kp=6.7
K,= 0.006

Vth-_— 4.0 Yp,t,C1oE4= 89%
K,=6.7 "
P =4,
6.2 eoo LVC = 4.8
Vth - 4.0
Kp= 6.7
K,= 0.006

Figure 10-1: Schematic representation of using liquid-liquid extractions in series. For a
volume ratio of 4.0 in each liquid-liquid extraction stage, 89% yield of the protein in the
final top phase and 4.8 log; of viral clearance can be achieved if the protein and viral
partition coefficients are 6.7 and 6 x 103, respectively, in each stage.
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10.2.3 Varying the Solution pH and the Salt Governing Electroneutrality

As shown in the preliminary investigation of Appendix E, the protein partition coefficient
can be manipulated by varying the solution pH and the salt governing electroneutrality.
Therefore, these changes in the solution conditions may be used in the future to achieve
good protein purification. Accordingly, a systematic experimental investigation of pH and
salt effects can be performed in the future with different water-soluble proteins, including
glucose-6-phosphate dehydrogenase (see Appendix F). For example, the salt ions can be
varied based on the Hofmeister series of ions.”12%7132 For example, some of the salts that may
be examined include Nay;SO4, NaF, NaCl, NaClO4, NaBr, NaNOj3, and Nal. If practically
desirable protein partition coefficients can be attained, such as K,=19 achieved with BSA,
varying these solution conditions in the future may yield a good purification of a desired
protein directly from a fermentation broth.

In addition, an experimental method known as cross-partitioning can be applied in the
future as another technique for determining the pI values of different proteins.”® In this
method, the partition coefficient of a particular protein is measured at different solution
pH values, while the salt governing electroneutrality is maintained constant. The same
partitioning experiments are then performed with another salt governing electroneutrality.
The protein partition coefficient is then plotted as a function of the solution pH for the two
different salts. Since the electrostatic potential difference has no effect on the partitioning
protein when its net charge is zero, that is, at the pl of the protein, the two curves will cross
at the solution pH equal to the pl of the protein.

The theory developed in Appendix E has been expressed in terms of interaction parame-
ters, which cannot yet be theoretically estimated. In the future, the theory may be extended,
so that the interaction parameters can be predicted based on the properties of the salt ions
and the surfactants. Specifically, the ion-dipole, ion-induced dipole, and van der Waals in-
teractions may be quantified based on estimates of the dielectric constants present in the

interior of the salt ions and the surfactants.

10.2.4 Partitioning in Two-Phase Aqueous Polymer/Surfactant Systems

Although protein partitioning has been investigated experimentally in two-phase aqueous
polymer/surfactant systems,'?%133 theoretical research in this area is still rather new, and
may be considered in future investigations. In addition, viral partitioning has not yet been
examined experimentally in these systems, and therefore, may also be considered as part

of future work. In these systems, an aqueous solution containing polymer (for example,
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dextran) and surfactant (for example, C;5Es5) phase separate when they are mixed together
in certain proportions.!®3!3% In the case of the two-phase aqueous dextran/Cy;Es system,
the homogeneous solution phase separates to form a top phase that is rich in C;5E5 micelles

and a bottom phase that is rich in dextran.!?3

10.3 Concluding Remarks

A fundamental investigation of protein and viral partitioning in two-phase aqueous mi-
cellar systems has been presented in this thesis. It is hoped that this understanding can
be used to facilitate the implementation of two-phase aqueous micellar systems for the dif-
ferent applications that require the separation of proteins from viruses. Specifically, the
entrainment of micelle-poor domains in the macroscopic, micelle-rich phase may be reduced,
and/or stronger electrostatic interactions between mixed micelles and proteins may be ex-
ploited. In addition, it is hoped that this thesis can provide valuable information for new

research conducted in the separations area utilizing two-phase aqueous micellar systems.
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Appendix A

Recipes for the Solutions Used in the Plaque
Assay

This appendix lists the ingredients used to prepare the solutions for the plaque assay. In the
Department of Biology at MIT, the workers in the media room (“the kitchen”) of Building

68 make all these solutions for the researchers in the building.
e Dilution Fluid

— 0.097 wt% Tryptone
— 0.68 wt% NaCl

— 1.9 wt% MgSO,-7H,0
— 97 wt% Water

e Hard Agar

- 0.97 wt% Agar

— 0.97 wt% Tryptone

— 0.48 wt% Yeast Extract
— 0.48 wt% NaCl

— 0.0039 wt% NaOH

— 97 wt% Water
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e Soft Agar

— 0.78 wt% Luria Broth
— 0.49 wt% NaCl
— 0.64 wt% Agar
— 98 wt% Water

e Luria Broth

—~ 0.98 wt% Tryptone

— 0.49 wt% Yeast Extract
— 0.49 wt% NaCl

— 0.016 wt% NaOH

— 98 wt% water

It should be noted that Luria broth is also used to grow the host bacterium of bacte-

riophage P22, Salmonella typhimurium.
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Appendix B

Estimating the Densities of the Micelle-Poor
Phase and the Micelle-Rich Phase

In this appendix, the densities of the micelle-poor phase (p;;,) and of the micelle-rich phase

(pout) are estimated. Either density (pin or pout) can be written as follows:

. ns,st + nw,jMw
Pj >

= - B.1
Ns,iVsg + M,V j (B

where the subscript j denotes either the micelle-rich (in) or the micelle-poor (out) phase,
n,; and n, ; are the number of moles of surfactant and water, respectively, in phase j, M;
and M, are the molecular weights of the surfactant and water, respectively, and V;; and
V..; are the partial molar volumes of surfactant and water, respectively, in phase j. Since
the weight fractions of surfactant in the micelle-poor and the micelle-rich phases, w; ;, and
Ws,out, are known from the coexistence curve of the C;oE4-buffer system, an expression for
ns; as a function of w, ; will now be derived. The weight fraction of surfactant in phase j is

given by the following equality:
ns,j Ms

= B.2
e nw,jMw + ns,st ( )
Equation (B.2) can be rearranged to yied:
= Mgy My B.3
Msyj 1-— Ws j Ms ( “ )
Substituting Eq. (B.3) in Eq. (B.2) and rearranging yields:
M, _ (B.4)

Pi = (Mo M) Vg + (1 — @og) Vg
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In some of the bacteriophage P22 partitioning experiments, the weight fractions of the
C0E4 surfactant in the micelle-poor phase (in) and the micelle-rich phase (out) were approx-
imately 0.001 and 0.1, respectively. The molecular weights of water and C,oE, surfactant
are 18 g/mole and 334.50 g/mole, respectively. The partial molar volumes of each compo-
nent will be assumed to be equal to the molar volumes of the pure components, that is,
Vwj & V=18 mL/mole and Vs,j ~ V,=350 mL/mole. Accordingly, p; = 0.99995 g/mL,
and pou: = 0.99539 g/mL. ' ' ‘
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Appendix C

Pseudo-Binary and Pseudo-Ternary Systems

This appendix provides the justification for treating: (i) the CioE4-buffer system as a pseudo-
binary system (see the discussion in Chapters 5 and 7), and (ii) the C;oE4-SDS-buffer system

as a pseudo-ternary system (see the discussion in Chapter 7).

C.1 The Pseudo-Binary C;jEs;-Buffer System

As discussed in Section 5.4.4, the C;oEs-buffer system is strictly not a binary system,
and is instead composed of four components, namely, water, CigE4, disodium phosphate,
and citric acid. However, fewer experiments are required to locate tie lines on a pseudo-
binary coexistence curve than on a four-component coexistence curve, and therefore, it is
experimentally advantageous to use a pseudo-binary coexistence curve whenever it is appli-
cable. To illustrate the issues associated with using a pseudo-binary coexistence curve for
a four-component system, a brief discussion of the thermodynamics of multiphase, simple
systems will be presented below.

For multi-phase, simple systems, the Gibbs phase rule can be used to determine the num-

ber of degrees of freedom, or number of independent intensive variables, L. Specifically,!!!
L=n+2-7 (C.1)

where n is the number of components and 7 is the number of phases in the system. For
a four component (n = 4), two-phase (m = 2) system (such as the CjoE4-buffer system),
four (L = 4) intensive variables must be specified to determine a point on the coexistence
curve or phase boundary. The coexistence curves in Figure 4-1 are still consistent with
the Gibbs phase rule because each point on the coexistence curve can be specified with
four intensive variables of pressure (1 atm), disodium phosphate concentration (16.4 mM),

citric acid concentration (1.82 mM), and temperature. However, the curve must be tested
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to determine whether it can be used to identify tie lines. When a horizontal tie line at
a particular temperature is drawn on the coexistence curve, the disodium phosphate and
citric acid concentrations in both phases are assumed to be equal to each other at values
of 16.4 mM and 1.82 mM, respectively, since the entire curve was constructed at these salt
concentrations. Although the temperature and pressure of the system can be manipulated,
the concentrations of disodium phosphate and citric acid cannot be forced to take on certain
values in the top and bottom phases after the system undergoes phase separation. These
third and fourth degrees of freedom usually cannot be fixed by the experimentalist, and
therefore, they are generally free to vary for any phase-separation process. Accordingly, a
four-component coexistence curve is generally required where the concentrations of disodium
phosphate and citric acid are allowed to take on multiple values. However, for the special case
where both disodium phosphate and citric acid partition evenly between the two coexisting
phases (which happens to be true in this system as discussed on the next page), a four-
component coexistence curve is not necessary because the third and fourth degrees of freedom
can actually be manipulated, as will now be shown. When disodium phosphate (DP) and
citric acid (CA) partition evenly,

Cpp,t=Cppy (C.2)

and
Ceat=Ccap (C.3)

where Cpp ; and Cpp j, are the concentrations of disodium phosphate in the top and bottom
phases, respectively, and Ccq ; and Cgy p are the concentrations of citric acid in the top
and bottom phases, respectively.

Mass balance equations can also be written for these components as follows:
Cppo (Vi + Vi) = Cpp,Ve + CpppVe (C.4)

and
Ceoao(Vi+Ve) =CcaiVi+Coa Vs (C.5)

where Cpp g and C gy g are the initial concentrations of disodium phosphate and citric acid,
respectively. Combining Egs. (C.2) and (C.4) and Egs. (C.3) and (C.5) yields the following
equalities:

Cpp,o=Cppt=Cppp (C.6)
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and

Cea,0=Ccat=Ccap (C.7)

Accordingly, if disodium phosphate and citric acid partition evenly, the disodium phosphate
and citric acid concentrations in the top and bottom phases are equal to their initial concen-
trations, which can be easily manipulated. If the intial concentrations of disodium phosphate
and citric acid are 16.4 mM and 1.82 mM, respectively, the coexistence curves of Figure 4-1
can be used. Therefore, for this special case, the third and fourth degrees of freedom (Cpp
and C¢y4) can also be controlled. In other words, a pseudo-binary coexistence curve is suffi-
cient because the experimentalist can ensure that all four degrees of freedom in each phase
are consistent with the conditions that are represented in the pseudo-binary coexistence
curve.

To test whether or not the pseudo-binary coexistence curve is indeed applicable to the
four-component system (that is, to test if disodium phosphate and citric acid partition evenly
between the two phases), the lever rule is used along with phase separation experiments.
The lever rule is simply another representation of the mass balances for the components.

Specifically, the mass balance for any component ¢ can be written as follows:
Cio Vi + W) =CiiVi + CipVp (C.8)

where C; o is the initial concentration of component ¢, and C;; and C; are the concentrations
of component 7 in the top and bottom phases, respectively. Solving Eq. (C.8) for the volume

ratio yields:
Vi Cip—Cip

Vs Ciy—Cig

Equation (C.9) states that the volume ratio can be predicted if the initial concentration of

(C.9)

one component is known, and if the concentrations of that component in the two phases after
phase separation are known, that is, if the tie line is known. Therefore, in this test, a tie line
is first drawn on the pseudo-binary coexistence curve. With this tie line, C¢ g, + and CeyoE4p
can be determined, and after selecting a particular value for C¢,,g, 0, @ volume ratio can be
predicted. Then, the experiment is performed at the particular temperature, pressure, 16.4
mM disodium phosphate concentration, 1.82 mM citric acid concentration, and C¢,,g,,0-
If the predicted and experimental volume ratios are similar, the pseudo-binary coexistence
curve is sufficient for determining tie lines, and disodium phosphate and citric acid partition
evenly. These tests have been conducted for the pseudo-binary coexistence curve of the

CyoEs-buffer system, and have been used to prove that the pseudo-binary coexistence curve
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is indeed sufficient. It is also physically intuitive that the partition coefficients of these salts
are close to 1 because the salt ions are small enough that they do not experience strong
excluded-volume interactions with the micelles in either phase. In addition, since the salt
ions are not hydrophobic, they also do not experience strong hydrophobic interactions with
the micelles that would drive them into the micelle-rich phase.

As an aside, it should be noted that if disodium phosphate and citric acid partition

evenly, Eq. (C.9) for these salts simplifies to:

Vi 0
7 =0 (C.10)
because Eqs. (C.6) and (C.7) apply in this case. Eq. (C.10) is obtained because the mass
balance of an evenly partitioning component enforces no constraint on the volume ratio. In
other words, an evenly partitioning component will always fulfill its mass balance for any
volume ratio. This is therefore another way to explain why a pseudo-binary coexistence curve
is sufficient for four-component systems in which two of the components partition evenly.
The addition of a protein to this system also increases the number of degrees of freedom
by one. However, in our partitioning experiments, a very low concentration of protein was
used to ensure that it had no effect on the coexistence curve, that is, on the phase sep-
aration process of the CigE4-buffer system. This was verified experimentally by mapping
the coexistence curve of the CygE4-buffer system in the presence of different concentrations
of proteins, as was done previously.”®7173" Therefore, for the range of protein concentra-
tions encountered in our partitioning experiments, the coexistence curve of the C,oE4-buffer
system remained unperturbed. Similar experiments were also conducted with MgSO4 and
bacteriophage P22 that demonstrated that the phase separation process of the C;oEy-buffer
system was unaffected by the presence of 2 mM MgSO, and the range of viral concentrations

utilized in our partitioning experiments.

C.2 The Pseudo-Ternary C,yE4~-SDS-Buffer System

In a method similar to the one described above for the CjgE4-buffer system, the pseudo-
ternary coexistence curve of the C;9E4-SDS-buffer system was also shown to be sufficient for
the five-component (water, CyoE,, SDS, disodium phosphate, and citric acid) system, and

for the six-component (with added protein) system.
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Appendix D

Derivation of an Expression for the Protein
Chemical Potential Using the Number

Density as the Unit of Concentration

Various issues associated with changing the concentration units in the expression for the
protein chemical potential from mole fractions to number densities, that is, molecules/mL,
are detailed in this appendix. The approach taken in this derivation is similar to that
of Kirkwood and Oppenheim.!'? The chemical potential of a protein in phase a (top or

bottom), i, 4, is given by:
b = Mo + kT I X+ 15 + 2yt ©.)

where p1 . is the infinitely-dilute standard-state chemical potential of the protein, kp is the
Boltzmann constant, T is the absolute temperature, X, , is the mole fraction of the protein
in phase «, uﬁf‘a is the excess chemical potential of the protein in phase «, 2, , is the valence
of the protein in phase «, e is the electronic charge, and 1), is the electrostatic or electrical
potential of phase a. The infinitely-dilute standard-state chemical potential of the protein,
Ky oos COTTESponds to a standard state in which there is essentially only one protein molecule
in a container filled with solvent molecules. Accordingly, (i) the protein and the solvent are
the only two components present, (ii) the protein molecule interacts only with the solvent
molecules, (iii) the solvent molecules interact with each other, and (iv) there is no mixing
entropy associated with the protein in this standard state. The interactions included in p,
are all accounted for at the temperature and pressure of the system. The kgT'In X, , term,
as derived from statistical thermodynamics, is the ideal entropy term. The excess chemical
potential of the protein in phase a accounts for: (i) the interactions not incorporated in the

standard-state chemical potential, such as, protein-micelle interactions, and (ii) any non-
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idealities in the entropy. The z, 41, term is the electrostatic potential energy of the protein
in phase a. It is analogous to the gravitational potential energy, where the charge of the
protein (z,,€) is analogous to the mass of an object (m), and the electrostatic potential of

phase a (1) is analogous to the gravitational acceleration (g).

€T

It is important to note that the excess chemical potential of the protein in phase «a, p,7%,

is the deviation of the actual chemical potential of the protein in phase «, py o, from the

generalized ideal chemical potential of the protein in phase «, u}i‘fa, which is given by:”l’ll12
uilz;{,la = “;,00 + kgT'In Xp,a + Zp,aewa (D2)

Therefore, Eq. (D.1) can also be written as follows:
_,,id ex D3
/J‘P,a - “’p,a + :u‘p,a ( . )

According to Eq. (D.3), if an expression for p.%, is derived, it must be added to the expression
for ﬂ};fia provided in Eq. (D.2) to obtain pu,,. Although, at first sight, it may appear that
Eq. (D.2) is based on the use of mole fraction units, this is, in fact, not the case. Indeed,
alternative expressions for u};"ia can be derived by making substitutions for the mole fractions
in terms of different concentration units. In our case, the number density (molecules/mL) is
used as the unit of concentration, and therefore, an equivalent expression for u;;‘fa will now
be derived in terms of the number density. An expression for the mole fraction of the protein
in phase @, X, 4, in terms of the number density of the protein in phase o, Cpq, is first

required. This relation is given by:

> NjalUja

X =C
P, LY
tot,a

= Cp!a Z X ‘7a6j’a (D4)
J

where N , is the number of molecules of type j in phase @, U; o is the partial molecular volume

of molecules of type j in phase a in mL/molecule, Nipto=>"; Vjq is the total number of

molecules in phase «, and X, is the mole fraction of molecules of type j in phase a. Note

that °; NjaUj,e in Eq. (D.4) is the total volume of phase a in mL. Equation (D.4) can be

rewritten as follows:

Xp’a = C’p,aXp,aﬁ,,,a + Cp,a Z Xk,avk,a (D5)
k#p

where U, , is the partial molecular volume of the protein in phase a in mL/molecule, X} o

is the mole fraction of non-protein molecules of type k in phase o, and Uy, is the partial
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molecular volume of non-protein molecules of type k in phase « in mL/molecule. Note that

the index £ is used here to denote non-protein molecules, while the index j is used to denote

all molecules including proteins. Rearranging Eq. (D.5) yields:

Xpa = Cra > Xk ol (D.6)
e 1 — Cp,aﬁp,a = k,aVk,a .

The mole fraction of non-protein molecules in phase «, X o, can be expressed in terms of

the number density of non-protein molecules of type k in phase «, Cj 4, as follows:

v Neo (V% NiaTia) | Cpa
S S Nia (1/ 55 NyoTia) 2 Cha

(D.7)

where N, is the number of non-protein molecules of type k in phase o, and Cj, is the
number density of molecules of type j in phase a. Substituting Eq. (D.7) in Eq. (D.6)

yields:
Cp,a Zk;ép Ck,avk,a

1-—- Cp,aﬁp,a Ej Cj,a
Multiplying Eq. (D.8) by 1 in the form of (Cp€2,/C;2,), and rearranging then yields the

Xpa = (D.8)

following relation:

C a 1 Zk Ck aﬁk a
Xpo = 2 ) C°Q [ _ 7p ko k, D.9
P < Cz? ( P ) Qu (1 = Cpalpa) > Cja (D-9)

where C';,’ = 1 protein molecule/mL, and 2, is the molecular volume of pure solvent in
mL/molecule that is only a function of the temperature and the pressure of the system.

An alternative expression for pl';fia can now be obtained in terms of the number density by

substituting Eq. (D.9) into Eq. (D.2):

. . 0 c.
Hpo = Moot kT (C3Q) + kT In (CL)

p
1 Ykp Ck,aUka
Qy (1 - Cp,aﬁp,a) Ej Cj,a

+ kgTIn [ J + 2p,a€%a (D.10)

A new standard-state chemical potential of the protein, y;, will be defined as follows:
1o = 150 + kT In (CpS,) (D.11)
where p is similar to up o, in that it is only a function of the temperature and the pressure
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of the system. This standard-state chemical potential of the protein, ju,, corresponds to a
standard state in which: (i) the protein and the solvent are the only two components present,
(ii) the protein molecules interact with the solvent molecules but not with each other, (iii)
the solvent molecules interact with each other, and (iv) the concentration of the protein
is 1 molecule/mL, and therefore, has an ideal entropy corresponding to this concentration.
This ideal entropy corresponds to the term kg7 In (C’;’Qw) in Eq. (D.11) as will now be

shown. The volume of the solution in the standard state is essentially equal to the volume
of the solvent when the concentration of the solute (the protein) is only 1 molecule/mL.

Consequently, Cj; can be approximated as follows:
Cy = 1 molecule/mL of solution =~ 1 molecule/mL of solvent (D.12)

In addition, since 1 molecule/mL is an extremely dilute concentration for the solute in this
standard state, the partial molecular volume of the solvent in the standard state is essentially
equal to the pure molecular volume of the solvent. Specifically, the partial molecular volume

of the solvent in the standard state in mL/molecule, 7., is given by:
Ty, = Sy (D.13)

Therefore, C5<2, is equal to the number of protein molecules divided by the number of
solvent molecules in the standard state. Since the total number of molecules is also essentially
equal to the number of solvent molecules in this standard state, Cp€,, is essentially equal
to the number of protein molecules divided by the total number of molecules, that is, it is
essentially equal to the mole fraction of protein molecules in the standard state. Accordingly,
kgT In (C; Qw) in Eq. (D.11) is the ideal entropy of the protein in the standard state, where
the concentration of the protein is equal to C;=1 molecule/mL.

A different expression for p,, in terms of number densities can now be derived. In
particular, combining Egs. (D.3), (D.10), and (D.11) yields:

C « 1 Zk;é Ok aﬁk «
fhp o :,u°—|—len< p’)-l—len[ — {aiiatud
P P i C; F Dy (1 - Cp,avp,a) > Cja
+ Zpa€a + g (D.14)
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Since C, is 1 protein molecule/mL, Eq. (D.14) then simplifies to:

Hpa = /,l,; + k'BT In Cp,a + l{)BT In [ 1 Zk;ép Ck,avk,a:,

Qw (1 - Cp,aﬂp,a) Zj C‘,a
+ 2paltha + fier, (D.15)

where C), must be expressed in units of the number density (protein molecules/mL of
solution). Next, it will be shown that the bracketed term in Eq. (D.15), defined as A, q

below,

(D.16)

1 oVk o
Apa = kpT'In [ Lk#p Ckalk, }

Qu (1 = Cpalpa) X;Cja
is essentially zero for the case considered in Chapter 7, which validates neglecting Apa in
Eq. (7.5). Since the partition coefficient is strictly defined in the limit of infinite dilution,
each phase is considered to be infinitely dilute in protein (which also reflects what is attained

experimentally), and accordingly, the following approximations can be made:

(1= Cpalpae) =1 (D.17)
and N o v
S ChoTha = 2’“—#‘/—’“’”—% = (D.18)
k#p a a
and
Y Ciamd Cra (D.19)
J k#p

Combining Egs. (D.16), (D.17), (D.18), and (D.19) yields:

1 1
Mo=kgTln | ———"—— (D.20
e o [Qw Zk#p Ck,a} )
Although the buffer salt ions have been lumped along with the water molecules to form a
hypersolvent in Chapter 7, they will be treated explicitly in this appendix as a worst case
scenario in the proof to show that }\, , is essentially zero. In addition, as part of the worst

case scenario, the surfactant monomers have also been considered explicitly in this appendix.
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Considering all the components present in the solution, Eq. (D.20) can be rewritten as follows:

1
Qy Cypo+Cia+ Z,Of,:n;yla Cho + Choo + Cha + Crpose + Ceita + Cona
(D.21)

where Cy o, Cia; Cnar CNajes Chay CHPOsar Ceitia, and Copa are the concentrations of

Apa = kpTIn

water, free surfactant monomer (not in a micelle), micelles of aggregation number n, Na*,
H+, HPO;?, citrate, and OH™, all in phase «, respectively, and Noy,e 18 the aggregation
number of the smallest cylindrical micelle in phase «. In order to show that A,, is zero,
one needs to show that 3>, Ck «~Cy q, since the following approximation is reasonable for

dilute solutions where mixing volume effects are negligible:*>"4!13

Cuwa ~ 1/ (D.22)
Indeed, if 3.z, Ck,aRCuw,a~1/y, then using this result in Eq. (D.20) yields:
1
Mo = k5T In [ﬁ—nw] —0 (D.23)

which is the desired result. Therefore, in order to prove that A, 4 is indeed zero, estimations
for the number density of water, surfactant monomers, micelles, and the ions in the parti-
tioning solutions are required. The value of C,, , was estimated as 3.4 x 10?> molecules/mL
based on the molecular weight of water (18 g/mol) and the density of water (1 g/mL). For
the ions, their concentrations were estimated in Appendix E, and they are repeated for

completeness in Table D-1:

Table D-1: Ion concentrations in phase o.

Ion in Phase a | Concentration (ions/mkL)
Na* 2.0 x 10%°
H* 3.8 x 103
HPO;? 9.9 x 108
Citrate 1.1 x 10'8
OH~ 9.6 x 10%3

All of the surfactant present in the solution will be assumed to be that of CioE4 alone,

since the concentration of CoE4 is much higher than that of SDS. Accordingly, the concentra-
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tion of the free C;9E4 monomers is approximately equal to the critical micelle concentration,
which is 0.68 mM at 25°C for CioE4 in water.” Therefore, C) , is approximately equal to
3.7x 10" free monomers/mL. For the C;oE,4 micelles, the worst case scenario will be assumed,
where the number density of the C,oE4 micelles is the largest. This scenario corresponds to
a hypothetical situation where all the micelles are spherical. When the micelles are spheres,
they have the lowest possible aggregation number, since more C,oE4; monomers are required
to form cylinders. Consequently, the concentration of micelles would be at a maximum if
all the micelles were spherical. Since the highest concentration of C;yE4 encountered in any
phase has been 10 wt% or 1.8 x 10?° C;4E4 molecules/mL, the concentration of spherical

micelles in this hypothetical scenario is given by:

1.8 x 1020 — 3.7 x 107
Chyp = (D.24)
Tisph,C10 B4

where ngpn com, i the aggregation number of the spherical micelles, and 3.7 x 107 is the
number density of free monomers as discussed above. An estimate for 1y ¢, g, is therefore

necessary, and ngps ¢, E, can be evaluated as follows:

(4/3) ng,Sph,CloEzz (D.25)

Nsph,C10Es =
P05 Vtail,C10 B4

where I spn, c,0E, 1S the length of the hydrophobic tail in the CyoE4 spherical micelle (that is,
the radius of the hydrophobic core of the C;oE4 spherical micelle), and vy, ¢y B, is the volume
of the hydrophobic tail of the C;gE4 molecule. A value for I 45 ¢,o5, can be estimated with
the maximum length of the hydrocarbon tail of CigE4, lpmas,c0E,, Which can be evaluated

using the following relation:%?
Umag,tait = 1.54 +1.265 (n, — 1), in A (D.26)

where ;45 16 is the maximum length of any linear hydrocarbon tail (without double or triple
bonds) in Angstroms, and n, is the number of carbons in the hydrocarbon tail of interest.

Accordingly,
lC,Sph,C'1oE4 ~ lmaz,CloE4,tail = 129 A (D27)

The volume of the hydrophobic tail of C;oE, in units of A%, on the other hand, can be
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evaluated using the following relation:*

Viait = 27.4 4+ 26.9 (n, — 1), in A3 (D.28)

Therefore, for CigE4, ViaircioE, 1S 270A3. Using these values of I  spn cior, and Vi, cioE,
in