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ABSTRACT: A theoretical formulation to describe and predict the partitioning of hydrophilic proteins in
phase-separated aqueous nonionic micellar solutions which can exhibit significant one-dimensional micellar
growth is presented. The theoretically predicted protein partitioning is compared with experimental
measurements of the partitioning of the hydrophilic protein ovalbumin in two-phase aqueous micellar systems
of the nonionic surfactant n-decyl tetra(ethylene oxide), C(cE,, and is found to be in very good agreement.
We propose that excluded-volume interactions between the hydrophilic proteins and the elongated, cylindrical
nonionic micelles play the dominant role in determining the experimentally observed partitioning trends.
The excluded-volume formulation incorporates (i) the self-assembling character of micelles, which enables
them to growinto long, cylindrical microstructures with increasing temperature and/or surfactant concentration,
and (ii) a broad polydisperse distribution of micellar sizes. We also present a detailed comparison of the
similarities and differences in the partitioning of proteins in two-phase aqueous nonionic micellar systems
and two-phase aqueous nonionic polymer systems. In particular, it appears that polymer solutions are more
effective than micellar solutions containing long, cylindrical micelles in separating hydrophilic proteins on
the basis of their sizes (molecular weights). This reflects the marked differences in the microscopic
characteristics of micellar and polymer solutions, as “probed” by a typical hydrophilic protein molecule.

I. Introduction

In recent years, the physicochemical properties of two-
phase aqueous polymer systems have been investigated
quite extensively!-® due to the potential utilization of these
systems as novel solvent phases capable of solubilizing
labile biological molecules, such as proteins, in large-scale
purification processes. On an apparently unrelated front,
experimental and theoretical advances in the understand-
ing of aqueous surfactant solutions have revealed® the
existence of a variety of surfactant microstructures (mi-
celles) possessing unique self-assembling features, as well
a8 interesting and often unusual macroscopic phase
behaviors, including liquid-liquid phase separation. The
notion that we pursue in the present paper is that these
two seemingly unrelated topics, that is, the growing
demand for novel solvent systems for the large-scale
purification and concentration of biomolecules and recent
developments in the understanding and modeling of phase-
separated aqueous micellar solutions, warrant a closer
connection. In this respect, the possibility of separating
hydrophilic proteins from hydrophobic proteins using two-
phase aqueous micellar systems, which was first pointed
out by Bordier,” has been largely overlooked until very
recently®1! in gpite of the fact that micellar systems of
this type have found wide applications in the partitioning
of small organic molecules as well as metal ions.12

The aim of the present work is twofold: (i) to shed light
on the physical mechanisms responsible for the parti-
tioning of hydrophilic proteins in two-phase aqueous
nonionic micellar solutions and (ii) to emphasize the
similarities and contrast the differences between two-
phase aqueous nonionic micellar systems and two-phase
aqueous nonionic polymer systems with respect to protein
separations. Toachieve these goals, we will present results
of a detailed experimental and theoretical study of the
partitioning of the hydrophilic protein ovalbumin in two-
phase aqueous micellar solutions of the nonionic surfac-
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tant n-decyl tetra(ethylene oxide), C;oE4. On the exper-
imental side, we will investigate how the addition of
ovalbumin to an aqueous C,oE4 micellar solution affects
the phase separation of the micellar system. We will also
characterize the protein partitioning as a function of tem-
perature, since temperature is the control variable which,
at fixed surfactant concentration, determines the shape,
size, and size distribution of the CoE4 micelles, as well as
the extent of liquid-liquid phase separation. On the
theoretical side, we will develop an excluded-volume
formulation of the protein partitioning to rationalize
quantitatively the observed experimental trends. Through-
out this paper, when we refer to a protein, a hydrophilic
protein is implied, unless otherwise stated.

The basic idea behind the utilization of two-phase
aqueous micellar systems to partition proteins follows
naturally from (1) the work on protein partitioning using
two-phase aqueous polymer systems, (2) recent advances
in our fundamental understanding of the structural
characteristics and macroscopic phase behavior of phase-
separated micellar solutions, and (3) an increased under-
standing of protein—surfactant interactions. An overview
of some of the salient features of areas 1-3, which are
particularly relevant to this paper, is presented next.

Many aqueous solutions containing two types of hy-
drophilic polymers will separate into two coexisting phases,
with each phase containing predominantly only one type
of polymer. Of particular relevance to the current
investigation is the previously observed influence of the
underlying structure of the polymer solution on the
partitioning of proteins in two-phase aqueous polymer
systems. This effect can be seen, for example, in the case
of the poly(ethylene oxide) (PEQ)-dextran two-phase
aqueous system, which has been investigated extensively.!3
Inaphase-separated solution containing these two polym-
ers, a transition in the underlying structure of the PEO-
rich solution phase has been shown to occur as the PEO
molecular weight is increased.1®!¢ This is a transition from
the dilute regime, in which polymer coils are isolated from
each other in the aqueous medium, to the entangled (sem-
idilute) regime, in which the polymer coils overlap and
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Figure 1. (a) Schematic comparison of the length scales (sizes)
associated with proteins and polymers (either as individual coils
or a8 a net): D is the diameter of a protein molecule, Dy is the
diameter of a polymer coil, and £, is the mesh size of the polymer
net. (b) Schematic comparison of the length scales (sizes)
associated with proteins and micelles (either as individual mi-
crostructures or as a net) which exhibit significant one-
dimensional growth: D is the diameter of a protein molecule,
Wn = 2R, is the diameter of a micelle, D, is the average length
of a micelle, and £, is the mesh size of the micellar net.

Entangled Polymer Regime

Entangled Miceliar Regime

entangle with each other to form a net, or mesh!® (see
Figure 1a). This transition in the solution structure is
accompanied by a large change in the dependence of the
partitioning of a variety of globular hydrophilic proteins
on the polymer molecular weight.!® Since as shown below,
a qualitatively similar transition takes place in the
underlying structure of aqueous C;oE4 micellar solutions,
itisinteresting to investigate whether an analogous protein
partitioning is observed in two-phase aqueous CioE; mi-
cellar systems.

Results of both experimental and theoretical studies
indicate that under favorable solution conditions C;oE,
micelles exhibit a strong tendency to grow into long,
flexible, cylindrical microstructures, with their length
(aggregation number) increasing with increasing temper-
ature and/or surfactant concentration.!6-13 At high enough
concentration or temperature, the micelles can become
sufficiently long so as to overlap and form a transient
entangled net similar to that found in entangled (semi-
dilute) polymer solutions.!20 Indeed, light scattering and
viscosity studies?!22 as well as a recent theoretical analysis2’
have shown that there are two distinct regimes pertaining
to the solution properties: the dilute regime, in which the
micelles are isolated from each other in the aqueous
medium, and the entangled regime, in which the micelles
are entangled in a netlike structure (see Figure 1b).
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An interesting feature of particular relevance to this
work is that aqueous C1oE4 micellar solutions can separate
into two coexisting micellar phases when the temperature
is increased, at a fixed surfactant concentration, beyond
a threshold temperature referred to as the cloud-point
temperature.616 The resulting cloud-point or coexistence
curve separates the one-phase region at low temperatures
from the two-phase region at high temperatures. The
minimum of the coexistence curve is the critical point,
characterized by a critical temperature, T, and a critical
surfactant concentration, X.. It is noteworthy that the
concentrations and micellar sizes in the two coexisting
micellar solution phases can differ markedly and can be
effectively manipulated by varying one or more of the
following: the total surfactant concentration, the tem-
perature, the ionic strength, and the pH. Since the
underlying structure of the micellar solution is determined
primarily by the number, the shape, and the sizes of the
micelles present in solution, this difference in the nature
of the two coexisting micellar phases can result in a
structural disparity between them, Indeed, usingarecent
theory,?0 one can evaluate the extent of micellar entan-
glement in the entire two-phase region. The results
indicate that in phase-separated aqueous CioE4 systems,
the micelle-poor phase is in the dilute regime while the
micelle-rich phase is in the entangled regime.

Just as variations in surfactant molecular architecture
can induce pronounced changes in the properties of
aqueous micellar solutions, the nature of surfactant—
protein interactions varies markedly with surfactant type
and molecular structure, as well as with protein type (hy-
drophilic or hydrophobic). For example, hydrophilic
proteins bind cooperatively anionic surfactants, such as
sodium dodecyl sulfate, as well as cationic surfactants,
such as tetradecyltrimethylammonium chloride, and the
binding is accompanied by a gross conformational change
(“denaturation”) of the proteins.232¢ On the other hand,
there is considerable evidence suggesting that, with few
exceptions,2%26 hydrophilic proteins have only very weak
interactions with nonionic surfactants, such as Triton X-
100; namely, they do not bind surfactants, either mono-
merically or cooperatively, nor can they be incorporated
into existing micelles.?’-2® These considerations about the
nature of the interactions of hydrophilic proteins with
ionic and nonionic surfactants, including denaturation
effects, served as the basis of selecting a nonionic sur-
factant in the present studies. In addition, the particular
selection of CioE4 was motivated by several desirable
properties of its agueous micellar solutions with respect
to protein separations (for details see section IIA).

The remainder of the paper is organized as follows.
Section II describes the materials and experimental
methods utilized in these studies. Section III presents
our experimental results. In section IV a theoretical
formulation to describe and predict the partitioning of
hydrophilic proteins in two-phase aqueous nonionic mi-
cellar solutions is developed. The theoretical predictions
and a comparison with the experimental data are also
presented in section IV. Section V presents a detailed
discussion of the similarities and differences in the
partitioning of proteins in two-phase aqueous nonionic
micellar systems and two-phase aqueous nonionic polymer
systems. Finally, a summary and discussion of the main
results of the paper are presented in section VI

II. Materials and Experimental Methods

A. Materials and Sample Preparation. We have chosen
the nonionicsurfactant CioE4 because it displays several desirable
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features which make this surfactant particularly suitable for
protein partitioning experiments: (i) it is nondenaturing and
gentle to proteins, (i) the critical temperature of its aqueous
solution at pH 7 is T, ~ 18 °C, which implies that the temper-
ature range over which phase separation occurs is below typical
protein denaturation temperatures, (iii) it is available in a highly
purified form, which allows for an accurate experimental and
theoretical characterization of this micellar model system, and
(iv) its interference with the protein UV absorbance spectrum
is minimal, which is an important consideration in assaying
protein concentrations using the UV absorbance method.

The protein ovalbumin was chosen because of its stability in
the surfactant solution and because it does not hydrolyze sur-
factant molecules. Homogeneous C;oE; was obtained from Ni-
kko Chemicals, Tokyo (lot no. 0005), and was used without any
further purification. CyoE4 has a molecular weight of 334. Salt-
free ovalbumin powder (39% ovalbumin, Grade V, A5503) was
obtained from Sigma Chemicals, MO. Ovalbumin has a nominal
molecular weight of 45 000 and an isoelectric point of 4.6-4.9. In
its native state, this protein has an ellipsoidal shape with a Stokes-
Einstein hydrodynamic radius of 29 A.2? All other chemicals
used were of reagent grade. All solutions were buffered at pH
7 by 10 mM citric acid and 20 mM disodium phosphate salt
(Mcllvaine buffer) and were prepared using deionized water which
had been fed through a Milli-Q ion-exchange system. Before
use, all the glassware was washed in a 1 N NaOH-ethanol bath
and then in a nitric acid bath, followed by thorough rinsing with
Milli-Q water and baking in an oven.

B. Coexistence-Curve Determination. Coexistence curves
for liquid-liquid phase separation of the buffered aqueous C,oE4
solutions were determined by the cloud-point method.*-%2 This
method consists of visually identifying the temperature, Tuoud,
at which solutions of known CyE, concentration become cloudy
asthe temperatureisraised. Inthe case of CyoE,in buffersolution,
each sample was placed in a transparent thermoregulated device
whose temperature was controlled to within 0.01 °C. Initially,
each sample was cooled to a temperature low enough so that it
exhibited a single, clear, homogeneous phase. The temperature
was then raised in small increments until the solution began to
cloud at a temperature, T, As soon as clouding was observed,
the temperature was lowered in small steps until clouding
disappeared at a temperature, Tq. Touq Was then determined
by taking the average of T, and T4. Note that at each step the
sample was first stirred thoroughly, using a magnetic stirrer, to
ensure temperature and concentration homogeneity, and sub-
sequently observed for any signs of cloudiness with the stirrer
turned off. The entire procedure was repeated several times
with smaller increments in temperature. This cycling procedure
was adopted to ensure reproducibility and reversibility in the
observed clouding behavior. The measured cloud-point tem-
peratures were reproducible to within 0.03 °C.

The effect of adding protein on liquid-liquid phase separation
was determined by measuring the cloud-point temperatures of
surfactant solutions containing a concentration of 0.5 g/L oval-
bumin using the cloud-point method described above.

C. Protein Partition Coefficient Determination. The
protein partition coefficient, K, in a two-phase aqueous solution
provides a quantitative measure of the partitioning behavior. It
is defined as the ratio of the protein concentration in the top
phase, Cy, to that in the bottom phase, Cy}, that is, K, = Cp ¢/
C,» The protein concentration in each phase was determined
by measuring the UV absorbance of that phase (see below).

Buffered solutions containing known concentrations of C;iE,
(chosen to yield approximately equal phase volumes at each tem-
perature) and 0.5 g/L ovalbumin were prepared and subsequently
equilibrated at a constant temperature for at least 6 h in the
same thermoregulated device used for the cloud-point measure-
ments. For the UV absorbance measurement of the protein
concentration within each solution phase, a reference two-phase
system, without the protein, but otherwise identical to the protein-
containing two-phase system, was also prepared.

Following equilibration, samples of each phase were extracted
with great care using syringes to ensure no mixing of the two
phases present in the solution. The concentrations of the protein
present in the extracted surfactant solution phases were measured
using a Perkin-Elmer Lambda 3B UV-vis spectrophotometer.
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Figure 2. Experimentally measured coexistence curves of
aqueous solutions of C,oE, at ovalbumin concentrations of 0 (O)
and 0.5g/L (A) in a 10 mM citric acid-20 mM disodium phosphate
buffer at pH 7.

All measurements were made at a wavelength of 280 nm and
were referenced to the absorbance of the identical CyoE, solution
phase (but without ovalbumin). Precautions were taken toensure
that the surfactant solution was not turbid during the measure-
ment of the protein concentration by (i) keeping the tempera-
ture of the sample in the spectrophotometer at 2-3 °C below the
critical temperature and (ii) checking that there was no apparent
absorbance by the sample at 400 nm, a wavelength at which the
absorbance of ovalbumin is negligible. Since the UV calibration
measurements showed that the measured UV absorbance is
proportional to the protein concentration in the solution, as well
as independent or surfactant concentration over the experimen-
tally accessible range of 0-8% w/w, the partition coefficient was
actually calculated from the ratio of the measured UV absor-
bances in the top and bottom phases.

III. Experimental Results

A. Coexistence Curves. Figure 2 shows the experi-
mental coexistence curves of aqueous CioEs micellar
solutions without ovalbumin (0) and with 0.5 g/L oval-
bumin (A) in a 10 mM citric acid~-20 mM disodium
phosphate buffer at pH 7. Examination of this figure
indicates that over the range of surfactant concentrations
measured on either side of the critical point (0.02-8%
w/w), the added ovalbumin has only a negligible effect on
the location and shape of the coexistence curve. Specif-
ically, the critical temperature, T., and the critical sur-
factant concentration, X,, are 18.24 £ 0.03 °C and 2.5 £
0.02% w/w, respectively, without and with added 0.5 g/L
ovalbumin.3® This important finding, that the phase
separation of the surfactant solution is only perturbed
slightly by the presence of ovalbumin at the relatively low
protein concentrations studied, will lead to very useful
simplications in our theoretical formulation (see section
V).

B. Partitioning of Ovalbumin. Figure 3 shows the
experimentally determined partition coefficient, K, of
ovalbumin as a function of temperature over the range
18.4-19.5 °C in a two-phase agqueous micellar solution of
C1oE4 containing 0.5 g/L ovalbumin in a 10 mM citric acid-
20 mM disodium phosphate buffer at pH 7. The partition
coefficient being less than unity indicates that ovalbumin
prefers to partition into the bottom micelle-poor phase.
Figure 3 also shows a relatively weak dependence of K,
on temperature, where as the temperature increases away
from the critical temperature T, = 18.24 °C, K, decreases
and deviates further from unity (K, ~ 0.6 at 19.5 °C). It
should be noted that, at the critical point, the partition
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Figure 3. Experimentally measured partition coefficient, K, of
ovalbumin as a function of temperature in a two-phase aqueous
micellar solution of C;4E, containing 0.5 g/L ovalbumin in a 10
mM citric acid-20 mM disodium phosphate buffer at pH 7.
coefficient should approach unity since the two coexisting
micellar phases become identical at that point. However,
we were not able to probe the close vicinity of the critical
point because as T — T, the interfacial tension between
the two coexisting micellar phases becomes exceedingly
low (it should vanish at T), and this leads to a very diffuse
interface. Consequently, in the vicinity of T, the ex-
traction of samples from each phase invariably caused
uncontrolled mixing of the two phases. In addition, note
that we did not investigate temperatures higher than 19.5
°C, because, for T > 19.5 °C, the viscosity of the micelle-
rich phase becomes so high (due to the relatively high
surfactant concentration in that phase) that the time
required to obtain equilibration in the protein partitioning
measurements becomes exceedingly long, and the results
are not easily reproducible.

At a given temperature, the surfactant concentrations
inthe two coexisting phases can be determined from Figure
2 by locating the intersections of the horizontal tie line
corresponding to that temperature with the coexistence
curve. Anexamination of Figure 2 reveals thatas (T-T,)
increases, the difference in the surfactant concentrations
in each phase becomes larger. This suggests that the
expulsion of the proteins from the top micelle-rich phase
may be related to a decrease in the space accessible to the
proteins in that phase as the temperature increases
(excluded-volume effect). This scenario will be investi-
gated in detail in the next section.

IV. Theoretical Formulation of Protein
Partitioning

In the Introduction we emphasized that (i) hydrophilic
proteins do not bind nonionic surfactants and (ii) at low
concentrations their effect on the aggregation properties
of nonionic surfactants is negligible. In view of this, it is
reasonable to assume that, to a first approximation, hy-
drophilic proteins and nonionic micelles should behave as
mutually nonassociating entities interacting through short-
ranged, repulsive, excluded-volume interactions. Note
that in the analysis that follows we do not consider
explicitly surfactant monomers in the solution. This
reflects the fact that the monomer concentrations in the
two coexisting micellar phases are nearly equal (both
should be close to the critical micelle concentration), and
therefore should have very little effect on the protein
partitioning.

A. Relevant Length Scales. As stated in the Intro-
duction, in a two-phase C,oE4 aqueous solution the micelle-
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poor phase is in the dilute regime, while the micelle-rich
phase is in the entangled regime, in which the elongated
micelles entangle and form a net, or mesh. There are four
important length scales to consider in characterizing such
a micellar solution: (a) the cross-sectional radius of a
cylindrical micelle, R, (b) the average length of a micelle,
Dy, (c) the persistence length of a micelle, by, which is a
measure of its flexibility, and (d) the correlation length or
mesh size, &, which reflects the average size of the pores
in the micellar net when significant overlap occurs. The
cross-sectional radius of a C,¢E4 micelle is approximately
equal to the sum of the surfactant hydrocarbon-tail length
and the head-group length, which for CoE, is about 18 A
(see section IVC for details). The average length of a mi-
celleis determined by the temperature and the surfactant
concentration in the solution. As will be shown in section
IVC, the average length of CioE; micelles above T, is
generally greater than 1.7 X 103 A. The persistence length
of a C1oE; micelle is of the order of 100 A.1® The mesh size
of the micellar net is a function of the total surfactant
concentration, and it can be estimated from simple
geometric considerations. Assuming that micelles form a
simple cubic net, the volume fraction of surfactant in each
cubic cell is 37Ro%£m/£n’, which should be equal to the
volume fraction of surfactant in the solution, ¢. This, in
turn, implies that £, ~ (37/¢)1/2R,. For a C1(E, aqueous
solution having a concentration below 8% w/w (the
experimentally accessible range), this estimate yields a
mesh size of at least 200 A. Another important length
scale in describing the system is the size of the protein.
Typically, globular proteins are ellipsoidal, having a
hydrodynamic radius, Ry, in the range of 15-50 A.13

An appreciation of the relative magnitudes of the length
scales discussed above is essential for developing a
theoretical description of protein partitioning. First, the
interactions between micelles and proteins are determined
by both the cross-sectional radius, R, and average length,
Dy, of the micelles. At a given concentration and tem-
perature, the average length (size) of the micelles also
determines their number density in the solution, which
will prove to be an important factor in determining the
total steric interactions with a protein molecule. Second,
since the diameter of a protein, 30 < D = 2R, < 100 4, is
less than or comparable to the persistence length of a
cylindrical micelle (b, ~ 100 A), the latter appears rigid
and compact on the length scale of a protein molecule.
Consequently, when we consider steric interactions be-
tween a micelle and a protein, we can ignore the micellar
flexibility and treat the micelle as a rigid entity. Note
that these two aspects are valid in both the dilute and the
entangled micellar solution regimes. Third, in the en-
tangled regime, over the concentration range where
experiments are conducted (below 8% w/w), the micellar
mesh size (£ > 200 A) is always much larger than D.
Accordingly, a protein molecule is not “sensitive” to the
existence of the entire net, but instead can “experience”
the neighboring micelles only individually. Inotherwords,
because £, >> D, from the perspective of a protein molecule,
the existence of the net can be ignored and the micelles
can be treated as if they were isolated from each other (see
Figure 1b). Note that this is in sharp contrast to the
polymer case, where the polymer mesh size, £, can be
comparable to the protein size, D, thus triggering protein
interactions with the entire polymer net, rather than with
individual strands of the net!? (see Figure 1a).

B. Evaluation of the Protein Partition Coefficient.
As stated in section III, the partitioning experiments are
conducted at a very low ovalbumin concentration (0.5 g/



Macromolecules, Vol. 25, No. 18, 1992

L). Furthermore, at this concentration, the phase sepa-
ration of the ovalbumin-free CioE4 micellar solution is
negligibly affected by the presence of the protein. These
two observations suggest that protein—protein interactions,
as well as the effect of the proteins on the micellar shape,
size, and size distributions, should be minimal and can
therefore be ignored, as a first approximation, in modeling
these systems. When combined with the analysis of the
relevant length scales presented in section IVA, these
observations enable us to ignore the underlying structure
of the top micelle-rich (entangled) phase, as “viewed” by
a typical protein like ovalbumin, and treat this phase in
the same way as the bottom micelle-poor (dilute) phase.

The micellar solution in each coexisting phase will be
modeled under ©-solvent conditions® for the micelles.
Under such conditions, the excluded-volume interactions
and the attractive interactions (primarily of the van der
Waals type) between C1oE, micelles exactly cancel each
other. In other words, to a protein in such a solution,
micelles not adjacent to it behave effectively like nonin-
teracting and mutually penetrable entities. Note, however,
that micelles adjacent to the protein interact with it
through steric excluded-volume interactions. Since the
surfactant concentration is very low in the dilute regime,
and the micellar mesh size is very large in the entangled
regime (see Figure 1b), the likelihood of having two or
more micelles intersecting the protein while simulta-
neously intersecting each other is indeed very small.
Therefore, the error being introduced by substituting mi-
celles with noninteracting and mutually penetrable entities
should be small for a solution under 9-solvent conditions.
We should point out that for the phase-separated C,oE,
solution, the conditions in both phases are poorer than
the ©-solvent conditions, and one can therefore anticipate
the existence of attractive intermicellar interactions.
Accordingly, the 6-solvent assumption represents a first-
order approximation. The potential impact of such
attractive intermicellar interactions (if significant) will
be discussed qualitatively in section VI

One further simplification in the modeling is to treat
ovalbumin as a spherical (rather than ellipsoidal) entity
having a hydrodynamic radius of 29 A,? in order not to
obscure the underlying physics with complex mathematical
expressions. A qualitative discussion of the effect of the
protein shape asymmetry on protein partitioning will be
presented in section VI.

Under the conditions outlined above, the aqueous mi-
cellar solution containing (noninteracting) C1oE4 micelles
and (noninteracting) ovalbumin molecules, which interact
exclusively through repulsive, short-ranged, excluded-
volume interactions, is modeled as follows: (i) cylindrical
C10E4 micelles of various lengths are modeled as mutually
penetrable polydisperse hard spherocylinders, (ii) globular
ovalbumin molecules are modeled as hard spheres, and
(iii) the solvent is treated as a continuous medium. Below,
we examine the consequences of this model in the context
of the protein partitioning problem.

The protein partition coefficient is defined as
K,=C,/C,, o)

where Cp; and Cp 1, are the protein concentrations in the
top (t) and bottom (b) phases, respectively. Under
conditions of low protein concentration, uncharged sur-
factants, and low salt concentration, K is given by!

K, = exp(-(u°,, — u°,p)/kgT) )]

where u°,¢ and u°;), are the standard-state chemical
potentials of a protein molecule in the top and bottom
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phases, respectively, kg is the Boltzmann constant, and T
is the absolute temperature. Note that in deriving eq 2,
we have neglected the possible influence of the interphase
electrical potential difference (which arises from the
necessary presence of buffering salts in the system to
control pH) on the protein chemical potential. Under the
experimental conditions of interest, we believe that
excluded-volume effects are dominant. The very good
agreement between the theoretically predicted partitioning
of ovalbumin utilizing eq 2 and the experimental data (see
section IVC and Figure 5) provides some a posteriori
justification for the use of eq 2.

In a system comprising hard particles, the chemical
potentials are determined solely by entropic factors.?¢ In
this case, the difference between the standard-state
chemical potentials of a protein molecule in the top and
bottom phases is given by®’

Bt~ Kpp = ~RpT In (2/Qy) 3

where Q; and Q, denote the number of ways of placing a
protein molecule in the top and bottom phases, respec-
tively. Combining eqs 2 and 3, we obtain the following
simple expression for the protein partition coefficient

K,=Q/%, @

We should point out that the result in eq 4 is equivalent
tothe one derived using the geometric probability theory.

The number of ways, {, of placing a protein molecule
in a volume V containing a distribution {N,} of micelles
having aggregation number n (n = 1, ..., ) is proportional
to the free volume available to the protein. Inanisotropic
and homogeneous solution there is no spatial or orienta-
tional order in the distribution of the micelles. Therefore,
the average probability, 2, that a protein will intersect a
micelle is given by the total volume fraction occupied by
micelles, that is

= NU,JV=pUp) ()

where U, is the excluded volume between a micelle of
aggregation number n and a protein, p = L,N,/V is the
number density of micelles, and (Unp) = LaiNoUp o/ LN
is the average excluded volume between a micelle and a
protein. Note that the polydispersity in micellar size is
taken into consideration through the averaging performed
in eq 5. Since the number densities of micelles in both
solution phases are very low and the micellar net in the
micelle-rich phase is of a transient nature, as a first
approximation, the spatial and orientational correlations
between micelles can be ignored. In this case, each
intersection between a micelle and a protein constitutes
an independent event, and the number of micelles inter-
secting a protein has a Poisson distribution.?? This
probability distribution implies that the probability that
there is no intersection, which is equivalent to the available
volume fraction, is exp(-?) = exp(~LnN,Unp/ V). 384041
Since @ is proportional to the volume available to the
protein molecule, we find that

Q= Aexp(-) N,U,/V) = Aexp(-n(Uy,)) (6)

where A is a proportionality constant.

The excluded volume, U,s, associated with particles (1
and 2) is given by*2

Uy,=V,+ V,+ (S, M, + S,M,)/4r )

where V; and V; are the volumes, S; and S; are the surface
areas, and M; and M; are surface integrals over the local
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mean curvatures of particles 1 and 2, respectively. Spe-
cifically, M; (i = 1, 2) is defined as M; = [dS; (1 + x;2)/2,
where «;; and «; 2 are the two local principal curvatures of
the surface.

Since CioEs micelles of aggregation number n are
modeled as hard spherocylinders with hemispherical ends,
and ovalbumin molecules as hard spheres, the relevant
parameters for these geometric shapes are V,, = 7R,2(L,
+ 4/3Rn), S, =2xRn(L, + 2Rn)y and M, = n(L, + 4R,) for
the micelles and V,, = 47R,%/3, Sp = 47Rp? and M, = 4= R,
for the proteins, where R, and L, are the cross-sectional
radius and length of the cylindrical part of a spherocy-
lindrical micelle of aggregation number n, respectively,
and R,, is the radius of a protein. Using these geometric
parameters in eq 7, one obtains the following expression
for the excluded volume between a micelle of aggregation
number n and a protein:

U,,=V,+V,+=xR,R,+2R)L,+4rR R (R, +R,)
)

Note that, although not applicable to the case of cylindrical
C10E4 micelles, the excluded volume between a spherical
micelle and a protein can be easily obtained by letting L,
equal zero in eq 8. Note also that the value of R, is
determined by the “length” of the constituent surfactant
monomers and is therefore independent of the micellar
aggregation number, n. We can therefore write R, = R,.
On the other hand, the value of L, increases linearly with
n, and consequently, the volume of an n-type micelle can
be written as

V. =nv, = nR,L, + 47R*/3 9

where v, is the volume that a surfactant monomer occupies
in a micelle (which is not necessarily equal to the physical
volume of a surfactant molecule). Note that the average
micellar length, Dy, is given by Dy, = (L,) + 2Ry, where
(Ly) = LoNypLp/LoN,, (see Figure 1b). Using eq 9ineq 8,
we obtain the following expression for U,

U,,=nuoll +R/R)* + V(1 + Ry/R)* = nv,C, + V,C,
(10)
where

C,=(+R/R), C,=(1+RyR)" (D)
Substituting the expression for U, , given in eq 10 into eq
6 yields

Q= A exp[-(C,Vp + C9)] (12)

where ¢ = N,/ V is the total volume fraction of surfac-
tant, with N, = L.nN, being the total number of surfac-
tant molecules.

To compute 2, we need to know the value of p = L,N,/ V
in eq 12, which, in turn, is determined by the size
distribution {N,} of the micelles. In particular, inthe case
of CyoEs micelles, their propensity to grow into one-
dimensional cylindrical structures is determined!” by the
difference in the standard-state chemical potentials of a
surfactant monomer in a spherical micelle, u%;, and in a
cylindrical micelle, u°.. If u° < u°;, micelles do not grow
and remain monodisperse and spherical.!” Denoting the
aggregation number of such spherical micelles by ng, and
their radius by Ry, one has N,, = Nwy/V,, with V, =
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4wR%/3. Inthat case (notrelevant to CioEy), eq 12 reduces
to

Qsph =A eXp(—¢(1 + Rp/Ro)s) (13)

On the other hand, if 4°, > u°., the micelles will grow
one-dimensionally,!” with the extent of micellar growth
increasing as the difference u°;— u°.increases. Specifically,
a convenient quantitative measure of micellar growth is
provided by the growth parameter, G, defined as!’

G = exp(ny(u®,~ n°)/kgT) (14)

The larger the value of the parameter G, the stronger the
tendency of the micelles to form elongated structures.

Under conditions of significant one-dimensional micellar
growth (G > 1), it has beenshown!” that the weight-average
micellar aggregation number is given by (n) = 2(GX)!/2
> ng, where X = N,/ (N, + Ny} is the total surfactant mole
fraction (N is the total number of water molecules). Under
these conditions, the number density of cylindrical micelles
is given by’

p=) NV~ owpGe) ** (15)

where vy, is the volume of a water molecule. For CioE,,
calculations based on a recently-developed molecular-
thermodynamic theory'® of micellization yield G ~ 6 X
10°. Taking vy = 30 A3, v, = 570 A3,16 and V,, = 47R,¥/3
(R, =29 A%), eq 15 indicates that pV,, « ¢ is satisfied over
the entire experimentally accessible concentration range
(¢ > 0.1%). Since both C; and C; are of order unity, eq
12 reduces to

Q. = A exp(-¢(1 + R/Rp)?) (16)

Using eq 16 for the top (t) and bottom (b) phases,
respectively, in eq 4, one obtains the following expression
for the protein partition coefficient in a two-phase aqueous
micellar solution containing cylindrical micelles (applicable
to the C10E4 case):

K, (cyD) = exp(~(¢, - ¢)(1 + R /R") amn

where ¢; and ¢}, denote the volume fractions of surfactant
in the top (micelle-rich) and bottom (micelle-poor) phases
of the aqueous CioE4 buffer system, respectively. Note
that the factorization of (¢ — ¢p) in eq 17 reflects the fact
that the cylindrical micelles present in each phase are
sufficiently long, compared to the protein size, that the
individual lengths of the micelles and their size distri-
butions in each coexisting phase are immaterial in de-
termining micelle-protein interactions. Instead, it is the
total length of the micellar domains in each coexisting
phase, which is proportional to ¢, (¢p) in the top (bottom)
phase, that determines the partitioning behavior.

Although not revelant to the CiE; system, it is
interesting to note that for solutions containing mono-
disperse spherical micelles, utilization of eq 13 for the top
(t) and bottom (b) phases, respectively, in eq 4 yields the
following expression for the protein partition coefficient:

K, (sph) = exp(~(¢,~ o)1 + R /R)®) (18

Note that the factorization of (¢ — ¢p) in eq 18 reflects the
fact that the spherical micelles in each coexisting phase
have the same size. Accordingly, the partitioning behavior
depends on the total number of spherical micelles in each
phase, which, in turn, is proportional to ¢; (¢1) in the top
(bottom) phase.
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Figure 4. Predicted protein partition coefficient, K, in the
context of the excluded-volume approach, as a function of the
ratio R,/ R, for micellar systems containing spherical or cylindrical
micelles, where R, is the protein hydrodynamic radius and Ry is
the micellar cross-sectional radius. Note that for the sake of
illustration Ry corresponds to the cross-sectional radius of a CoE,
micelle (=17.76 A) and ¢, - ¢» = 5%. The arrows represent the
values of R/ R, ratios corresponding to the following hydrophilic
proteins: (a) cytochrome ¢, (b) ribonuclease, (c) ovalbumin, (d)
bovine serum albumin, and (e) lactate dehydrogenase.

Equations 17 and 18 indicate that the uneven partition
of a hydrophilic protein in the two-phase aqueous nonionic
micellar system considered here is a direct consequence
of the difference in the surfactant concentrations in the
two coexisting micellar solution phases. In addition, the
value of the partition coefficient depends on the shape of
the micelles and the relative sizes of micelles and proteins,
as reflected in the values of B¢ and R,.

Using the excluded-volume approach, the partition
coefficients of hydrophilic proteins as a function of protein
size can be predicted for micelles of spherical (using eq
18) or cylindrical (using eq 17) shape for a given value of
(¢~ ¢1), Where for the sake of illustration we have assumed
that C;0E, can form both spherical and cylindrical mi-
celles under the experimental conditions of interest. The
predicted K versus (R,/Ro) values are presented in Figure
4 for various hydrophilic proteins at ¢; — ¢, = 5%. An
examination of Figure 4 reveals the following interesting
features: (1) the larger the protein size, the more unevenly
the protein is partitioned in the two-phase aqueous mi-
cellar system (a similar trend is also found in protein
partitioning in two-phase aqueous polymer systems!3) and
(2) for a fixed protein size, the partitioning is more uneven
in micellar systems containing spherical micelles than in
those containing cylindrical micelles. This results from
the fact that, in the systems under consideration, the
excluded-volume effect is more pronounced in a system
containing a larger number of small (spherical) micelles
than in one containing a smaller number of large (cylin-
drical) micelles.

C. Predicted Variation of K, versus Temperature
and Comparison with Experiments. For the nonionic
surfactant C,oE, in aqueous solutions, calculations based
on a recently-developed molecular-thermodynamic the-
oryl6 show that the formed micelles exhibit significant
one-dimensional growth into cylindrical structures. In
particular, in the concentration range 0.1-8% w/w, cor-
responding to that used in the partitioning experiments
of ovalbumin, the weight-average micelle aggregation
number, (n)y, ranges from 1600 to 104, with the associated
average length of the micelles ranging from 1.7 X 10° to
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1.1 x 10¢A. Consequently, as stated earlier, the geometry
of the micelles is best approximated by that of a cylinder.
In general, the cross-sectional radius of such micelles, R,
is approximately equal to the cross-sectional radius of the
hydrocarbon core, [, plus the length of the head group,
b

The hydrocarbon-core cross-sectional radius, /, is usu-
ally smaller than the fully-extended length of the hydro-
carbon tail, 4316 [.. = 1.5 + 1.265(n. - 1) (in A), with n,
denoting the number of carbon atoms in the tail, which
is approximately 12.88 A for CioE4 (note that in this
estimate, following Tanford,!64® we have assumed that
the CH, group adjacent to the hydrophilic head group lies
within the hydration sphere of the head group instead of
in the hydrocarbon core). A more accurate calculation
based on a recently-developed molecular-thermodynamic
theory of micellization!® yields [, ~ 12.0 A, and this value
will be adopted in our calculations.

The value of I, depends on the average conformation
adopted by the poly(ethylene oxide) chain. As a first
approximation, we can assume that the unperturbed PEO
chains of C;oE, micelles behave as Gaussian chains. Since
we are concerned primarily with the hard-core radius of
the micelle, associated with excluded-volume interactions
between hard bodies, I, should lie between the average
end-to-end distance corresponding to a Gaussian chain
and the fully-compressed chain dimension. In addition,
inanalogy with the protein—-PEQO case,!3 there may be weak
attractive interactions between nonionic micelles and
proteins, which have not been incorporated explicitly into
the theoretical formulation. The effect of such interactions
could be included here by adjusting the thickness of the
head-group layer, /. However, since we do not have
reliable data on the magnitude of the attractive interactions
between the PEO chains and ovalbumin, we will adopt
the fully-compressed chain dimension value for l;. Inother
words, we assume that the repulsion between hydrophilic
proteins and nonionic micelles becomes nonzero only when
the head groups have been compressed to their minimum
volume, which can be approximated by the physical volume
of the head group. Note that this approximation repre-
sents a lower bound on the value of l,. An estimate of an
upper bound for /, can be obtained from the average end-
to-end distance of a tetra(ethylene oxide) Gaussian chain
with one end attached to a wall (to mimic the micellar
surface). This results in a value of I, ~ 9 A.# We find
that the difference in the partition coefficients predicted
using the lower and upper bounds of [, is less than 10%
over the experimentally accessible temperature range. If
we adopt the lower bound for I, then v; = 590.4 A%is equal
to the actual volume of a surfactant molecule, and the
length of the head group, I, is given by I}, = l.((vs/vc)!/2
- 1) and & = l.((vs/ve)1/2 - 1) for cylindrical and spherical
micelles, respectively, where v, = 27.4 + 26.9(n. - 1) (in
A3) is the volume of the hydrocarbon tail of the surfac-
tant.g*'43 For a cylindrical C,0E4 micelle, one obtains I}, =
5.76 A.

In addition to the value of Ry = [, + I, = 17.76 A, the
experimental values of ¢; and ¢y, at various temperatures
(obtained from the coexistence curve shown in Figure 2),
as well as the hydrodynamic radius of ovalbumin, R, = 29
A,? are utilized to predict the variation of the ovalbumin
partition coefficient with temperature. Specifically, the
partition coefficient of ovalbumin, K, as a function of
temperature, predicted using eq 17 (full line), and the
experimentally measured K values (®) are shown in Figure
5. This figure shows very good agreement between the
predicted and experimental values, in spite of the sim-
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Figure 5. Comparison of the partition coefficient, K,, of oval-
bumin as a function of temperature, 7" (i) prediction based on
the excluded-volume approach (—) and (ii) obtained from
partitioning experiments (®). The critical temperature of the
CioEs~water system is T, =~ 18.24 °C,

plifying assumptions made in the theoretical derivation.
This suggests that the excluded-volume approach appears
capable of capturing the central physical factors that
control the partition of hydrophilic proteins in the two-
phase aqueous CyyE; micellar system. Needless to say,
comparison of the predicted K versus temperature values
with experimentally measured values for other hydrophilic
proteins will help to establish the range of validity of this
theoretical formulation. Work aimed in this direction is
currently underway.

V. Comparison of Protein Partitioning in
Two-Phase Aqueous Nonionic Micellar and
Two-Phase Aqueous Nonionic Polymer Systems

In view of the experimental measurements and theo-
retical developments reported in this paper, it is useful to
compare and contrast protein partitioning in two-phase
aqueous nonionic micellar systems and two-phase aqueous
nonionic polymer systems, with particular emphasis on
alkyl poly(ethylene oxide), C;E;, surfactants and PEO
polymers, for several reasons. First, as the present
investigation was motivated by drawing certain analogies
between the nature of aqueous nonionic micellar solutions
and aqueous nonionic polymer solutions, it is interesting
to determine to what extent the protein partitioning
reflects these analogies. Conversely, in view of current
efforts aimed!®% at understanding the similarities and
differences between the properties of polymer and mi-
cellar solutions, it is interesting to view the protein as a
“probe molecule” and to consider possible information on
the nature of the micellar solutions which can be derived
from measurements of the protein partition coefficients.
In addition, we examine how the similarities and differ-
ences between polymer and micellar solutions are reflected
in the theoretical descriptions of protein partitioning in
each of these systems.

In a surfactant solution, when the length of a micelle
exceeds many times its persistence length, the micelle
behaves like a flexible polymer molecule, provided that it
isviewed on a length scale much larger than its persistence
length. As a result of this similarity in the geometries of
wormlike micelles and polymer molecules, both micellar
and polymer solutions exhibit a crossover behavior from
the dilute to the entangled (semidilute) regimes.!%20 The
macroscopic properties of the two solutions, such as the
osmotic pressure and viscosity, obey similar scaling laws.1?
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Nevertheless, one should keep in mind that this analogy
exists onvery different length scales. First,the persistence
length of a C;E; micelle is of the order of 100 A, which is
1 or 2 orders of magnitude larger than the persistence
length of a typical polymer molecule (3—4 A for PEO).
Connected with the persistence length is the cross-sectional
radius of a wormlike micelle, which is about 20 A, while
a typical polymer molecule has a thickness of only 2-3 A.
Second, a polymer molecule in a good or O solvent (such
as PEO in water) occupies a volume many times larger
than its physical one.!® In contrast, in a micelle, surfac-
tant molecules are closely packed, and this creates a
significant difference in the total volume excluded by a
polymer solution as compared to that excluded by a sur-
factant solution having the same solute concentration.
Third, when both solutions are in the entangled regime
(at the same solute weight fraction), the corresponding
mesh sizes can differ by at least an order of magnitude.
For example, a 5% w/w PEO aqueous solution has a mesh
size of approximately 30 A, whereas a 5% w/w CyoE4
solution has an approximate mesh size of 300 A (see Figure
1). This is due to the difference in the weight per unit
length along the strands of each net. With the same total
solute weight fraction in solution, the number of micelles
is much smaller than the number of polymer molecules,
and therefore the mesh formed by micelles is much coarser
than that formed by polymers.

These differences in the microscopic characteristics of
micellar and polymer solutions, as “probed” by a typical
hydrophilic protein molecule, are reflected macroscopically
in the observed protein partitioning in these two systems.
In the spirit of the theoretical developments for the
interactions of hydrophilic proteins and nonionic micelles,
presented in section IV, we will consider repulsive ex-
cluded-volume interactions only. First, in the dilute
regime, since micelles appear as rigid objects on the scale
of a protein, the protein can interact sterically only with
a portion of the micelle that is adjacent to it, and
consequently is insensitive to the overall aggregate size
(molecular weight). In other words, in the dilute regime,
micelles of different lengths appear the same to the protein
(see Figure 1b). Asaresult,itisthe total volume occupied
by the micelles in the solution, or equivalently, the total
volume fraction of surfactant, ¢y, in the bottom, dilute
(micelle-poor) solution phase, that a protein can detect.
In contrast, since polymer molecules are flexible and form
coils of comparable size to that of a protein, the protein
can interact sterically with the entire polymer molecule
(see Figure 1a). Consequently, the protein is sensitive to
the polymer molecular weight in the dilute polymer
solution regime. Second,in anentangled polymer solution,
the mesh size is often comparable to the protein size. In
that case, a protein interacts simultaneously with several
strands of the mesh and, hence, is sensitive to the
correlations between the strands (see Figure 1a). On the
other hand, in an entangled micellar solution, the mesh
size is at least several times larger than the size of a protein,
and therefore a protein interacts only with individual mi-
cellar strands and does not sense the overall underlying
netlike structure of the solution (see Figure 1b). As a
result, to a protein, there is no distinction between the
dilute and entangled regimes. Therefore, as in the case
of dilute micellar solutions, the protein can only detect
the total volume fraction of surfactant, ¢, in the top,
entangled (micelle-rich) solution phase. In other words,
in both regimes, the protein partitioning is governed only
by the total surfactant concentrations, ¢, and ¢, of each
coexisting phase (see eqs 17 and 18).
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The above comparative comments are pertinent only to
hydrophilic proteins. Although not addressed in this
paper, in the partitioning of hydrophobic proteins, polymer
solutions should be much less effective than surfactant
solutions. This is because the interactions between a hy-
drophilic polymer and a protein are less sensitive to the
hydrophobicity of the protein as compared to those
between a surfactant and a protein, owing to the am-
phiphilicity of the surfactant molecule. The unique self-
assembling nature of surfactants enables them to incor-
porate hydrophobic proteins into micelles and thus to
shield the hydrophobic residues of a protein from the
aqueous environment. This dual nature of surfactants,
that they appear hydrophilic to hydrophilic proteins yet
hydrophobic to hydrophobic ones, is remarkable, in that
it allows, through the use of two-phase aqueous micellar
solutions, the separation of proteins based on their relative
hydrophobic characteristics.” !

VI. Summary and Discussion

We have developed a theoretical formulation capable
of describing and predicting the partitioning of hydro-
philic proteins in two-phase aqueous nonionic micellar
solutions which can exhibit significant one-dimensional
micellar growth. The theory is based on arelatively simple
excluded-volume description of micelle-protein interac-
tions and incorporates the unique self-assembling char-
acter of micelles, as well as the polydispersity in the micellar
size distribution. The predictions of this theory are in
very good agreement with the experimentally observed
partitioning of ovalbumin in two-phase aqueous C;oE, mi-
cellar systems (see Figure 5). Although in this work we
have focused on the nonionicsurfactant CioE;, the general
ideas and methodologies described in this paper can also
be applied to other two-phase aqueous surfactant systems.

In formulating the theory, we have, in order to clarify
the most important physical features of such a complex
system, made a number of simplifying assumptions. A
qualitative discussion of the possible impact of relaxing
our main assumptions is presented next. (1) Since in the
phase-separated regime the solvent is poorer than a -
solvent, there should be a net attractive interaction
between the micelles. Accordingly, the number density
of micelles near a protein should be smaller than that far
away from it. This, in turn, implies that the total volume
excluded by micelles to the protein should be smaller than
that excluded under 6-solvent conditions. The magnitude
of this effect is difficult to assess, although if taken into
consideration, it should trigger a more even protein
partitioning. (2) The excluded volume between two objects
is determined by their shapes and relativesizes. Theactual
shape of ovalbumin is that of a prolate ellipsoid, with the
ratio of its major to its minor axis being equal to 3.7.45
Simple geometric considerations indicate that the volume
excluded to a prolate ellipsoid is larger than that excluded
to a sphere having the same physical volume. Conse-
quently, a more uneven partitioning is expected if the
actual shape of ovalbumin were used in the calculations
presented in section IV. Clearly, factors 1 and 2 work in
opposite directions, and their combined effect on the
predicted protein partitioning will probably depend on
the specific system under consideration.

A major conclusion of this work is that in micellar
solutions containing long, cylindrical micelles, typical
globular hydrophilic proteins having radii in the range of
18 < R, < 52 A exhibit partition coefficients in the range
of 0.85 > K, > 0.4 (see Figure 4). In particular, as
illustrated in Figure 5, in the case of ovalbumin in C,oE4
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aqueous solutions, K, ~ 0.6 at 19.5 °C. Recall that in the
case of two-phase aqueous polymer systems, similar hy-
drophilic proteins can exhibit K, values which depart
significantly from unity.* As explained in sections IVA
and V, this marked difference in the range of K values
reflects the large disparity in the magnitudes of the relevant
length scales associated with long, cylindrical micelles and
polymers, as “probed” by a typical hydrophilic protein
molecule (see Figure 1). Therefore, it appears that
polymers are more effective than long, cylindrical micelles
in separating hydrophilic proteins on the basis of their
sizes (molecular weights). However, it is tempting to
speculate that in the case of larger solute particles, whose
size is comparable to the mesh size of the micellar net (¢,
> 200 A), two-phase aqueous micellar systems containing
long, cylindrical micelles may provide a very effective new
way to separate solutes based on size selectivity. Possible
partitioning solutes include colloidal particles, cells, and
viruses. Aninvestigation aimed at testing this interesting
hypothesis is currently underway.

Another interesting possibility, suggested by the the-
oretical predictions presented in Figure 4, is that in mi-
cellar solutions containing relatively small spherical mi-
celles, the K}, values of typical hydrophilic proteins can be
vanishingly small when the ratio R,/Ro > 4. A search for
micellar solutions of this type, which exhibit phase
separation over a convenient temperature range for protein
separations, appears very attractive from a practical
viewpoint.

The unique dual character of micellar solutions (absent
in the polymer case), that they can offer simultaneously
hydrophilic and hydrophobic environments to solute
species, implies that hydrophobic proteinsshould partition
into the top micelle-rich phase while hydrophilic proteins
should partition into the bottom micelle-poor phase.
Indeed, recent partitioning experiments with hydrophobic
proteins have demonstrated’!! that K, » 1 can be
achieved in this case. In other words, two-phase aqueous
micellar solutions may offer an advantage over their
polymer counterparts in their capability to separate
proteins based on their hydrophobicities. Since the
polymer systems appear to be superior to their micellar
counterparts in their capability to separate proteins based
on their sizes (molecular weights), an interesting possibility
isto utilize two-phase aqueous polymer-surfactant systems
to try to exploit the virtues of both systems (simultaneous
size and hydrophobicity selectivity).

It is noteworthy that, in the micellar case, it may also
be possible to enhance the partitioning selectivity of hy-
drophilic proteins by exploiting the self-assembling char-
acter of micelles. Specifically, mixed micelles can be
created in situ by mixing a surfactant and a surfactant-
type ligand which can target certain types of proteins,
thus enhancing the selectivity and specificity of the
partitioning. In addition, the self-assembling nature of
micelles provides unique possibilities (which are absent
in the covalently-bonded polymer case) to separate hy-
drophilic proteins from micelles after the partitioning is
completed, a crucial step for the practical implementation
of any liquid-liquid extraction process.
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