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Salt-induced protein separation in an aqueous electrolyte solution
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Abstract—Liquid-liquid phase separations of aqueous ovalbumin and bovine serum albumin (BSA) solutions are
reported experimentally for a wide range of solution conditions. The temperature-induced clouding of protein solutions,
which signals the onset of liquid-liquid phase separation, provides a simple means of assessing the effect of solution
conditions on the strength of protein interaction. Our results show that the effect of salts on protein interactions de-
pends sensitively on the ionic composition of solution and the identities of both the cation and the anion of the added
salts. The results are used to test and refine theoretical models for the interaction energy between macromolecules. A
modified perturbed hard-sphere chain (MPHSC) model is employed to determine the interaction energy for solvation
forces playing an important role in protein interactions and to predict the osmotic pressures of protein solutions.
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INTRODUCTION

Molecular thermodynamics has applications in bioprocessing in
a number of areas, including purification of biological molecules
and drug delivery. It also serves as the basis for understanding and
performing intracellular events such as signal transduction, and deter-
mining optical conditions for protein folding, for separation of pro-
tein mixtures and for crystallization through understanding protein-
protein intermolecular forces. Similarly, the phase behavior of pro-
tein solution is determined by both intra- and intermolecular inter-
actions. Information about protein phase diagrams is especially im-
portant for the design of protein purification and separation pro-
cesses by precipitation, which is the first and most common step in
protein isolation. The two general kinds of phase transitions of in-
terest are crystallization and liquid-liquid phase separation; how-
ever, the latter often occurs under meta-stable conditions [1-9].

Liquid-liquid phase separation has been studied extensively in
liquid mixtures, in polymer solutions, and in micellar solutions. Wolde
and Frenkel [10] have reported that the free energy barrier for crystal
nucleation is remarkably reduced at the critical point of liquid-liquid
phase separation. In general, after liquid-liquid phase separation,
crystallization occurs much more rapidly than in the initial solu-
tion. Therefore, the determination of the location of liquid-liquid
phase separation curve is very effective for identifying the optimum
solution conditions for growing protein crystals. We have performed
a particular challenge that the phenomenon of liquid-liquid phase
separation lies in quantifying and revealing the changes in the in-
teraction energy of the biological molecules. This finding is useful
for understanding how protein behaves under a variety of solution
conditions.

Proteins are water soluble bio-macromolecules and have two main
structural patterns: those that contain hydrophilic sites that can stabi-
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lize the aqueous solution by forming hydrogen bonds with the neigh-
boring water molecules, and hydrophobic sites that can be destabi-
lized aqueous solution through their aggregation and the release of
the surrounding water molecules. Rupert [11] interprets the cloud-
point phenomenon as the result of the balance between the hydro-
phobic and hydrophilic interactions of a particle with its surroundings
in water/nonionic surfactant systems. The cloud-point phenomenon
has been reported to a boundary that protein solution can be revers-
ibly altered by the presence of electrolytes, which may be often in
case of two phase separation, such as salt-induced precipitation [12-
16]. In possibility, protein is partitioned to the protein-rich phase
when the solution is heated or cooled above a certain added to en-
hance the partition of protein at room temperature, and the other is
depleted.

In traditional colloidal characterization techniques, some aspects
of the interactions in protein solutions have been studied separately
by scattering methods-static light scattering (SLS) [17], dynamic
light scattering (DLS) [18], x-ray scattering [19], low-angle laser-
light scattering (LALLS) [20,21], and small-angle neutron scatter-
ing (SANS) [22] that have been applied to characterize the protein
crystallization as well as the liquid-liquid phase separation, but these
methods are time consuming and need a great amount of protein.
For aqueous solutions of ovalbumin and BSA, we obtained liquid-
liquid phase separation data by thermo-optical analysis (TOA) ap-
paratus. Thermal analysis is the simplest and oldest analytical method
and is powerful a tool in the hands of polymer scientists to illus-
trate the non-equilibrium effects which are typical of solutions.

In this work, aqueous protein solutions are partitioned into two
liquid phases by the addition of relatively small amount of electro-
lytes. We employ low protein concentrations to distinguish aggre-
gation, and study liquid-liquid phase separation through measuring
CPT by using the salting-out method from aqueous solutions. We
developed a new analytical perturbation equation of state by intro-
ducing the generalized Lennard-Jones potential (GLJ) to explain
the short-range interaction between proteins. In addition, we dem-
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onstrate that the new EOS is capable of predicting the osmotic pres-
sure of the real protein solutions with agreement.

MATERIALS AND METHODS

1. Protein/Salt Solution Preparation

Ovalbumin from Grade VI, approx. 99% (agarose gel electro-
phoresis), lyophilized powder, bovine serum albumim (BSA) from
pH 7, suitable for diluent in ELISA applications, min. 98% (elec-
trophoresis), lyophilized powder, reagent-grade NaCl, NaNO,, NH,Cl,
MgCl,, Na,SO,, tris buffer, sodium azide were from Sigma and
Aldrich. A 1L stock solution of 20 mM tris buffer was prepared
and sodium azide was then added to the protein solution at a con-
centration of 2 mM to prevent bacterial growth. The stock solution
was preserved at 4 °C with enclosing. Protein was dissolved in a
small volume of the stock solution. A salt was added with desired
concentration and then stirred. The pH of the solution was checked
after mixing, and adjusted with concentrated 1N-HCI or IN-NaOH.

To conduct our experiments, we used the routine filling meth-
ods reported by Park et al. [23], and Malcolm and Rowlinson [24].
After stirring protein-salt solutions for ~2 hr, a desired sample was
filled in slim pyrex capillary with 0.02-0.03 mL by plastic needle
syringe. The sample tube was collapsed and sealed when one end
was heated by a flame while the content of the tube was main-
tained at a subambient temperature by liquid nitrogen.

2. Determination of Liquid-liquid Phase Separation

An effective way to determine the strength of protein interac-
tions is to study temperature-induced phase transitions that occur in
protein solutions. Crystallization and phase transition in liquid crys-
talline solutions were directly determined by TOA. TOA techniques
have been used to measure physical properties of a sample as a func-
tion of temperature while the sample is subjected to a controlled
temperature program [25-27]. A sample is heated by a constant heat
flow rate, and any phase transition is recorded as invariance in tem-
perature, and additional information about the nature of the phase
transitions is obtained. The features of this apparatus, which is used
to characterize protein interactions, require only commonly avail-
able laboratory equipment and little specialized expertise. TOA also
provides powerful, rapid and reliable experimental results. In this
work, it was used with very small samples and a relatively small
investment in running time.

TOA was performed by using a polarized light microscope e-
quipped with a hot-stage by which the temperature of a sample could
be controlled. Temperature was plotted on decreasing upwards, and
time on the abscissa increases from left to right. A sample is propor-
tionally imposed on temperature program against time, in an envi-
ronment heated at a controlled rate. The temperature program was
used with a METTLER FP90 central processor consisting of a start-
ing temperature, heating and cooling rate, and an end temperature.
The temperature of the system can be varied from —60 to +350°C
with scan rates as low as 0.1 °C/min for both heating and cooling.
The image of the sample can be viewed directly in binoculars, and
the transmitted light intensity as a function of temperature is recorded
by a photodiode. Results are connected to an IBM PC for data stor-
age, and this data is used to determine the cloud points.

The temperature at which a homogenous aqueous protein solu-
tion starts to turn cloudy by temperature program is referred to as
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Fig. 1. Distinction between cloud-point temperature and freezing
temperature. (a) BSA NaCl 0.2 M at pH 7.2; (b) Ovalbu-
min NaNO, 0.1 M at pH 7.2. A typical result for tempera-
ture determined by TOA technique is the difference that is
the degree of decrease of light intensity. It is possible that
the thermal diffusion is faster.

the cloud-point temperature (CPT) which corresponds to a remark-
able decrease of light intensity. At the occurrence of cloudiness,
macroscopic phase separation with a dilute and concentrated protein
was observed, i.e., aggregation in protein solutions starts locally to
appear. This indicates that the above transformation may be a re-
sult of reduction of the hydration by electrolyte. Thus, the aggrega-
tion should be mediated by hydrophobic interaction, though hydro-
philic interaction may also be responsible. It is shown in Fig. 1 in
comparison with freezing temperature.
3. Model Development

The statistical thermodynamics on theories of fluids have been
developed in terms of parameters characterizing the intermolecular
forces for many types corresponding to different molecular mod-
els, such as the hard-sphere (HS) potential, the square-well (SW)
potential, the Lennard-Jones (LJ) potential, the Sutherland poten-
tial, and the Kihara potential [28]. However, these potential func-
tions are difficult to satisfy realistic requirements simultaneously [29,
30]. The SW potential is widely used for the intermolecular poten-
tial function with because of the simplicity of a mathematical model,
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Fig. 2. A generalized Lennard-Jones potential model.

but it is known to be empirical in nature and not feasible due to a
discontinuity. The LJ potential is able to represent intermolecular
forces for various kinds of real-fluid. However, it implies that if two
molecules have very high kinetic energy, they may be able to inter-
penetrate to separations smaller than the collision diameter, and the
required integration is very complicated. In this study, we employ
the LJ potential having a general shape to broaden its applicability
to many different types of fluids. We reported a GLJ potential that
can cover various interaction ranges [31], which is adjusted by a
temperature-dependent parameter, but is still simple in mathemati-
cal form for spherically symmetrical and chemically identical mol-
ecules. It is expressed in Fig. 2 and as follows:

) (0<r<o)
-£ (o<r<20/A(T))
W)=, —E—— 20/A(T)<r<A0) €)
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where W(r) is the perturbation protein-protein potential, r is the cen-
ter-to-center distance between two adjacent molecules, ¢'is the colli-
sion diameter, A is reduced well width, £is the minimum potential
energy, T=kT/¢ is the reduced temperature with Boltzmann con-
stant k, and A(T) is the temperature-dependent parameter that is
determined from the computer simulation data for the compress-
ibility factor. This equation is obviously more realistic and flexible
than those of previously mentioned potential functions as the value
of A(T) is adjusted with diverse conditions in addition to the param-
eters, oand & See the appendix for further details.

The equation of state is defined in this section in terms of the Helm-
holtz energy per mole that represents hard-sphere interactions, i.e.,
GLJ potential. For obtaining the Helmholtz energy from a pressure-
explicit EOS is

A _ A A’ 4n-37 3
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where A'(T) is the Helmholtz energy at standard state. 0,=N/V is
the number density, N is the number of molecules, T is the absolute
temperature, V is the volume of the system, 77=70,0,/6 is the

packing fraction, o, is protein diameter, U is the perturbation en-
ergy per unit density. The second term on the right hand side re-
presents the Carnahan-Starling model for a hard sphere fluid, and
the last term is modeled to the dispersion or perturbation part. By
differentiating the Helmholtz energy with respect to the packing
fraction in the system, the expressions for the chemical potential
can be obtained.
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where Z=P/(0kT) is the compressibility factor of the system, P is
the pressure. To determine liquid-liquid phase coexistence, we em-
ploy the conventional conditions in the supernatant and dense phase,
s and d, corresponding to coexisting at equilibrium.
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At a given temperature, chemical potential # and pressure P are func-
tions of packing fraction (or number density) and the interaction
energy. The dense phase, which is not known, is obtained from liquid-
liquid phase coexistence. The perturbation energy can be obtained
from the following relationship, which employs the GLIJ potential
by the function A(T).

U=42{W(r)rdr= 4”50"[{3111(/1A -4}, 3/1 3/12
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4. Osmotic Pressure

Osmotic pressure, a phenomenon frequently encountered in na-
ture, is a thermodynamic property used in the study of liquid solu-
tions in physical chemistry. It was developed by using the van’t Hoff
equation analogous to the ideal-gas equation. Many researchers have
reported osmotic pressures of different aqueous solution conditions
containing proteins [32-39]. They also yielded an osmotic second
virial coefficient which characterizes the anisotropic structure or
orientation or intermolecular associations due to molecular interac-
tions [40-42]. The interaction is usually based on the McMillan-
Mayer virial equation [43] using the potential of mean force. Their
objective is successful model representation of thermodynamic prop-
erties, such as osmotic pressure, virial coefficient, internal energy
etc., of protein solutions. Our CPT was used to predict osmotic pres-
sure by the calculated protein interaction energy from the MPHSC
model. For an aqueous protein solution, Wu et al. [44] reported the
osmotic compressibility EOS of the following expression. This model
gives a semi-quantitative description of the osmotic pressure of pro-
tein solution at low salt concentration.

G o " l+n+7 -1 pU
pkT p{[( ) '0‘} '0‘} (1- ,7) 2kT ™

where 77is the osmotic pressure, z, is the charge valence of protein
and p, is the number density of salt in the solvent. In this equation,
the first term comes from the Donnan effect, which provides a sim-
ple correction due to the difference in salt solution, that is negligi-
ble at high salt concentration or at low protein charge, i.e., it takes
into account the uneven distribution of small ions between the two
chambers of the osmometer. Moreover, Wu et al. [44] reported that
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the charge valence of protein depends on the ionic strength, which
can only be found by potentiometer titration. Therefore, we assume
that the charge valence of protein is independent of I in this work.

To calculate the osmotic pressure, the interaction energy param-
eters of a given solution with salt are determined from the experi-
mental CPT data and expressed as quadratic function of ionic strength,
and no additional adjustable model parameters are added.

RESULTS AND DISCUSSION

We have performed a symmetric investigation of liquid-liquid
phase separation of aqueous protein solutions to explore the role of
salt ions on protein interactions. There are several factors that should
be considered to express the phase behavior of aqueous protein so-
lutions. In this paper, thermodynamic models are developed for elec-
trolyte effect of phase separation of aqueous protein solutions. We
fixed the experimental conditions like pH and protein shape, etc.
Tables 1 and 2 show the measured CPT of ovalbumin and BSA so-
lutions at pH 7.2, respectively, and the protein concentration is fixed
at 87 g/L. To demonstrate the effects of salt type and concentration
on liquid-liquid phase separation and to determine phase separa-
tion boundary, the trends of measured CPTs are displayed in Figs.

Table 1. Experimental cloud-point temperatures for ovalbumin
at pH 7.2 and 25 °C

Salt type  Salt concentration (M) Cloud-point temperature (°C)
NaCl 0.1 10.8
0.2 27.6
0.3 34.7
0.4 354
NaNO, 0.15 11.0
0.2 16.4
0.3 28.4
0.4 339
NH,Cl 0.1 7.2
0.15 18.8
0.2 28.1
0.3 30.0
0.4 32.0
Na,SO, 0.1 10.7
0.2 21.9
0.3 25.5
0.4 29.0
0.5 28.8
0.6 26.9
(NH,),SO, 0.1 19.5
0.2 27.3
0.3 32.1
0.4 33.2
0.5 333
MgCl, 0.1 14.9
0.2 23.1
0.3 29.4
0.4 30.5
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Table 2. Experimental cloud-point temperatures for BSA at pH

7.2 and 25 °C
Salt type  Salt concentration (M) Cloud-point temperature (°C)
NaCl 0.1 -04
0.15 16.3
0.2 28.6
0.3 29.6
0.4 31.1
NaNO, 0.1 5.5
0.2 134
0.3 272
0.4 35.6
NH,Cl 0.1 10.3
0.2 18.8
0.3 32.1
0.35 34.8
0.4 36.8
Na,SO, 0.1 12.8
0.2 21.3
0.3 352
0.4 38.0
(NH,),SO, 0.1 16.2
0.2 234
0.3 30.0
0.4 30.5
0.5 322
MgCl, 0.1 7.3
0.2 233
0.3 33.4
0.4 36.1
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Fig. 3. Experimental cloud-point temperatures of ovalbumin solu-
tions with various salts. The solid lines express monovalent
ions; dotted lines express divalent ions.

3-6. CPTs were measured in 0.1-0.6 M ranges with various salt types.
In Figs. 3 and 4, the effects of ionic strength are displayed. CPTs of
lysozyme are reported by Park et al. [23] as shown in Fig. 7. Lyso-
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Fig. 4. Experimental cloud-point temperatures of BSA solutions
with various salts. The solid lines express monovalent ions;
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Fig. 5. Experimental cloud-point temperatures of ovalbumin and
BSA solutions for three salts of different type of monova-
lent ions. The solid lines express ovalbumin solutions; dot-
ted lines express BSA solutions.

zyme is well suitable for studies of protein phase behavior, since it
is a robust and compact globular protein that is soluble in water over
a broad concentration range.

Neal et al. [45] have shown that modeling proteins as smooth
spheres may underestimate the excluded volume, and that the sur-
face roughness may increase the excluded volume of the protein.
Calculation of the excluded volume of the protein takes into ac-
count protein hydration by including an impenetrable layer of water
thickness surrounding the protein. The thickness of the water layer
significantly affects the protein interactions. The effective spherical
diameter can be calculated from crystal structure dimensions; for
the proteins considered here, lysozyme [46], ovalbumin [47] and
BSA [48] have diameters of 34.4 A, 50 A and 62.5 A, respectively.
In this study, proteins are modeled as hard-spheres with uniform
surface charge immersed in a continuous dielectric medium con-
taining point charges depicting salt ions. The total net charge of pro-
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Fig. 6. Experimental cloud-point temperatures of ovalbumin and
BSA solutions for three salts of different type with divalent
ions. The solid lines express ovalbumin solutions; dotted lines
express BSA solutions.
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Fig. 7. Cloud-point temperatures of lysozyme solutions with vari-
ous salts. The solid lines express monovalent ions; dotted
lines express divalent ions. It is measured as 87 g/L protein
solution at pH 7.0 by Park et al. [23].

tein due to the basic and acidic side residues of the protein can be
estimated from hydrogen-ion titrations, which give the charge of
the protein due to hydrogen-ion equilibria, when protein binds salt
ions [48,49]. However the net charge is fixed at pH 7.2 for proteins
considered here. We also classify types of solvation forces. Hydra-
tion forces occur when polar surface groups are desolvated. These
forces are repulsive because the change in free energy for this pro-
cess is positive, and work is required to remove water from polar
groups. Hydrophobic forces are valid for describing attractions of
results from desolvating non-polar groups such as surfaces of hy-
drophobic patches. These effects are granted only a right to the in-
teractions going with protein types from CPTs.

Figs. 5 and 6 represent the effect of a variety of monovalent and
divalent salts. For the monovalent ions, the CPT-curves increase rap-
idly with the salt concentration, and for divalent ions, as the salt con-

Korean J. Chem. Eng.(Vol. 26, No. 5)
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centration rises, the CPT-curves are displayed to a gentle ascent. Grisby
et al. [50] reported the following that the effects of ionic strength
on CPT depend strongly on the specific nature of anionic and cationic
salts with solvation forces. Kosmotropic ions bind adjacent water
molecules more strongly than those of water molecules itself. When
kosmotropic ions are introduced into water, the entropy of the sys-
tem decreases due to water structuring increased around ions. In
contrast, when chaotropic ions are introduced into water, the entropy
of the system increases because the water structuring around ions
is less than that in salt-free water. This classification is related to
the size and charge of ions. Taratuta et al. [S1] reported that at high
salt concentrations (>0.3 M), the specific nature of ions is much
more important. However, we are not able to distinguish the spe-
cific nature of ions in low salt concentration ranges.

Protein interactions are known to be governed by many factors.
In this study, we assume the energy parameter depends only on ionic
strength I at the measured CPTs. Figs. 8 and 9 for sodium chloride

73

T2

714

70

ek

69

68

67 4

66 T ¥ T T T v T T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.40
lonic strength (M)

Fig. 8. Calculated values of energy parameter, &k, for 87 g/L oval-
bumin solution plotted against ionic strength of sodium
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represent the values of interaction energy plotted against ionic strength
at pH 7.2. Grigsby et al. [50] reported &kT as a function of ionic
strength that the trends are linear for monovalent salts, whereas the
trends for divalent cationic salts show a quadratic dependence. For
simplicity, we assume the solid lines to have parabolic shapes, and
be quadratic functions of ionic strength. The energy parameters are
listed on Tables 3 and 4 by correlating equations as a function of
ionic strength for ovalbumin and BSA, respectively. In Fig. 9 for
BSA, the correlating equation deviates from calculating energy value,
but the deviation within error range is neglected. In Fig. 8 for oval-
bumin, the correlating equation shows good agreement with exper-
imental data. These figures may be extremely correlated expres-
sions in low ionic strength range, but we were able to obtain the

Table 3. Relation between the energy parameter £k and ionic
strength I for ovalbumin

Salt type gk=a+bl+cl

NaCl &k=61.03531+66.254031-94.51451>
NaNO;, &k=60.34349+49.132081-49.076091*
NH,CI &k=59.8907+73.559481—111.87756I
Na,SO, &k=64.10093+30.744861-33.83831°
(NH,),SO, &k=66.36686+27.088181-32.03636I°
MgCl, gk=64.68664+33.309981-41.682I

Table 4. Relation between the energy parameter ¢k and ionic

strength I for BSA
Salt type gk=a+bl+cl
NaCl &k=54.43424+100.969091— 159.37989T*
NaNO, £k=61.41858+22.411241+2.86125I
NH,CI &k=61.70218+32.719541-22.438I°
Na,S0, &k=61.94504+36.815281-32.62775I
(NH,),SO, &k=63.97402+25.733681-27.960431°
MgCl, £k=58.95861+60.162041-76.124751
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Fig. 10. Calculated and measured osmotic pressures of BSA solu-
tion at 1M salt concentration of sodium chloride. The solid
curve is the calculated osmotic pressure based on theoret-
ical considerations of molecular interactions. Data are re-
ported by Wu et al. [44].
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desired results within this range.

Very few publications have investigated the osmotic pressures
of BSA and ovalbumin at high concentrations with sodium chlo-
ride, and these studies are based on most works reported previ-
ously by Vilker et al. [48]. We observed the osmotic pressures of
aqueous protein solutions from correlating equations of the other
salts as well as sodium chloride. In Fig. 10, BSA solution with so-
dium chloride is plotted against the protein concentration at pH 7.2.
The dark squares are experimental data from Wu et al. [44]. Solid
lines are calculated values from Eq. (7), and the required parame-
ters to calculate the osmotic pressures are already determined from
the computer simulation data for the compressibility factor or experi-
mental CPT data of binary protein solutions in previous sections. It
gives a good agreement with experimental data in low protein con-
centrations, despite relatively high salt concentrations. Osmotic pres-
sure of BSA solution is predicted at 0.15 M of sodium chloride in
Fig. 11. The deviation appears in the high protein concentration range
but the trends follow the entire concentration range. Figs. 12 and
13 show the calculated osmotic pressures for ovalbumin/NaCl solu-
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Fig. 11. Osmotic pressure versus BSA concentration at 0.15 M salt
concentration of sodium chloride. Data are from [35].
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Fig. 12. Osmetic pressure versus ovalbumin concentration at 0.01
M salt concentration of sodium chloride. Data is taken from
Yousef [36].
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Fig. 13. Osmotic pressure versus ovalbumin concentration at 0.15
M salt concentration of sodium chloride. Data is taken from
Yousef [36].

tion by using the same model. The dark squares are experimental
data reported by Yousef et al. [34-36]. These figures show that the
GLJ potential model deviates in the high concentration range, while
it agrees fairly well with experimental data in the low range.

CONCLUSIONS

We used a TOA technique to measure CPT of ovalbumin/salt
and BSA/salt solutions. The measured CPT provides detailed in-
formation on protein solutions for liquid-liquid phase boundary and
phase behavior. In salt-induced protein solutions, the interaction
between salt ions and protein molecules leads to the forces of pro-
tein aggregation or precipitation leading to liquid-liquid phase sepa-
ration. We employed a potential function of generalized model to
determine the interaction energy as a function of ionic composition.
To provide a better understanding of the effect of electrolyte on pro-
tein solution, the specific and non-symmetric interaction forces that
play a major role in determining liquid-liquid phase separation are
needed to develop more accurate description of properties of con-
centrated solutions.
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APPENDIX(a). DETERMINATION OF A(T)

We assume that A(T) is dependent on temperature and obtained
from the computer simulation data for the compressibility factor at
various temperatures [30]. In the figure, calculated values of A(T)
are plotted against the reduced temperature. To simply correlate
with simulation data, A(T') is suggested:

1.761-1.579T
1-T

When compared with calculated values of A(T), Eq. (Al) repro-
duces those values fairly well.

A(T)= (A)

1.8

A(T)

. ATy = 76115797

Fig. Calculated values of A(T) plotted against A(T).
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